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Summary

Friction stir welding (FSW) was invented and experim enta lly  proven at The Welding  

Institute (TW I) in 1991. The process involves the  joining of tw o  m eta l pieces w ithout  

m elting by joining the ir  molecules together. The tool traverses along the  jo int causing 

sufficient frictional heat to soften the  materia l w ithout melting. The rotation o f the  tool 

then  stirs the  molecules tog eth er leaving behind a fully consolidated joint. Because it is a 

solid state process and joining takes place below  the melting te m p e ra tu re  of the  material, 

a high-quality weld is created with  m any advantages over fusion welding techniques. 

How ever, one of the  main advantages of the  process is its ability to  weld 2xxx series and 

7xxx series a lum inium  alloys which are used extensively w ith in  the  aerospace industry, 

but are generally non-w eldable  using fusion welding techniques. FSW provides a solution 

to  welding these alloys and an a lternative  to  riveting.

The overall aim of the  project was to  optimise the  operational param eters  and 

tooling design, and also to  provide a comprehensive understanding of the  FSW process 

during the  welding of AA2024-T3 plates. This was achieved through the  deve lo pm en t of a 

processing w in d o w  for various operational parameters; testing of n ew  tooling designs 

and the  comparison of the ir  perform ance to  traditional FSW tooling; characterisation of 

the  forces and tem peratu res  generated and the  deve lopm ent of a FE model to simulate  

the  process.

The results achieved indicate tha t  welds produced with  translational speeds of 

125, 180  and 250 m m /m in  in conjunction w ith  rotational speeds o f  355 and 4 5 0  rpm  

produce welds with  optimal tensile strength, greater than 85%  of the  parent material. 

The limiting factor associated w ith  maximising the translational speed and hence 

productivity was found to  be the  form ability  o f  the  workpiece due to  the  occurrence of 

surface voids and not pin failure due to  the  occurrence of large weld ing forces generated  

at high translational speeds. Hence th e  developm ent o f  new  tooling designs which can 

process and stir the  workpiece m aterials more efficiently may enable higher translational 

speeds.

iii



A tool consisting of an 18mm scrolled shoulder w ith a triflu te  or square pin 

design is recommended in terms of: increased strength and ductility due to increased 

plastic deformation and mixing of the two workpiece materials; increased material 

processing; reduction of thermal damage; increased translational speeds due to a 

reduction in tool lift and increased flexibility during non-linear welding.

All forces and temperatures were found to reach steady state values during 

translation of the tool along the jo in t line. Changes to the translational speed had a 

greater effect on the forces and temperatures than variation of the rotational speed. The 

largest force encountered was the vertical force and is therefore the lim iting factor 

affecting FSW machine design. Lower forces were recorded using pin designs which 

promote enhanced material deformation such as the triflu te  pin. The magnitude o f the 

welding force was significantly lower than the vertical force; however this force can help 

identify tool designs which process and mix the workpiece material more efficiently.

A 3D model of the FSW process was successfully modelled using the finite 

element package DEFORM 3D. The model correlated well w ith experimental results and 

gave a good representation of the FSW process. The model was capable of successfully 

predicting material flow, forces, stresses, strains and temperatures generated during the 

FSW of AA2024-T3.
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Nomenclature

Symbol Unit Definition

T °C Tem perature

D mm Perpendicular distance from  the weidline

Cl, C2, C3 - Constants within therm al flow  equation

W  watts W eld Power

T N.m Torque

Q rpm Spindle rotational speed

a MPa Flow stress

A - M aterial constant within flow  stress

equation

B - M aterial constant within flow  stress

equation

C - M aterial constant within flow  stress

equation

a  - M aterial constant within flow  stress

equation

K - M aterial constant within flow  stress

equation

n - M aterial constant within flow  stress

equation

€  -  Effective plastic strain



e  - Effective plastic strain rate

- Normalizing plastic Strain rate

AH K J mor^ Activation energy fo r deform ation

G J m ol’  ̂ K‘  ̂ Universal gas constant

Tmelt C M elting tem perature

Tref “C Reference tem pera ture

UTS MPa U ltim ate tensile stress

Fx kN W elding force parallel to  the direction of

too l travel

Fy kN Side force perpendicular to  the direction

of too l travel

Fz kN Vertical force perpendicular to  the top

surface o f the workpiece plates

Mz N.m Torque acting on the FSW tool

FSW - Friction Stir W elding

TWI - The W elding Institu te

FEM - Finite Element M odel

FEA - Finite Element Analysis

TMAZ - Thermo Mechanically A ffected Zone

HAZ - Heat Affected Zone



Chapter 1 

Introduction to Friction Stir Welding

1.1 Introduction:

Friction stir welding (FSW) was invented and experim enta lly  proven by The Welding  

Institute (TW I) in D ecem ber 1991 [1]. The process is purely mechanical and autom ated . It 

involves the  joining of tw o  metal pieces w ithout melting th e m  by joining the ir  molecules  

together. The tool traverses along the  jo int causing sufficient frictional heat to  soften the  

materia l w ith o u t  melting. The rotation of the  tool then stirs the  molecules together  

leaving behind a fully consolidated joint. An overview of the  process is shown in Figure 1. 

W h a t sets FSW apart from  o ther fusion welding techniques is th a t  it is a solid-state  

process. The melting tem p e ra tu re  of the  workpiece is never achieved and remains as a 

solid throu g h o u t the  process. Because melting does not occur and joining takes place 

below the  melting tem p e ra tu re  o f the  material, a high-quality weld is created. This 

characteristic greatly reduces the  ill effects of high heat input such as distortion and 

eliminates solidification defects which are usually associated with  fusion welding.

Although the FSW process has m any advantages over traditional fusion welding  

m ethods due to  its solid state nature, it is still in its relative infancy com pared with  more  

traditional weld ing and assembly techniques. In particular, the  process has not been  

im p lem ented  within the  aerospace industry to  the  extent tha t  one would have 

anticipated considering this industry was initially identified by TW I as having the  most to  

gain by the  process. This slow uptake of th e  FSW process will be discussed in further  

detail in section 1.4
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Figure 1: An overview of the Friction Stir Welding Process [2]

1.2 The Friction Stir Welding Process:

The friction stir welding process can be described by four stages: Plunge, Dwell, 

Translation and Extraction Stage. Before the process can begin, the tw o pieces o f sheet or 

plate material to be welded are clamped rigidly onto a backing plate in a manner that 

prevents the abutting jo in t faces from being forced apart due to tool pin penetration. An 

overview of the different stages can be seen in Figure 2.

Toucttdown

Stw t

I.-  Tcxit shoulder 
Probe

Figure 2: Different stages in FSW [8]
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The first stage is the Plunge Stage, where a non-consumable tool rotating at high 

speeds is slowly plunged into the jo in t line between the two materials to be welded. The 

main features of a FSW tool consists of a pin and shoulder, an example o f a typical FSW 

tool can be seen in Figure 3. Contact between the pin and the workpiece creates frictional 

and deformational heating which softens the workpiece material. The tool is plunged 

until contact between the tool shoulder and workpiece is accomplished. Shoulder contact 

fu rther increases workpiece heating, expands the zone of softened material and 

constrains the deformed material. This ensures that the tool plunge depth is sufficient to 

establish a consolidated weld throughout the depth of the material but not so deep that 

the tool strikes the backing plate.

Tool Shoulder: Tilted 2* away from the direction of travel to 
provide the forging acting necessary to compact and direct the 
worl(piece material towards the pin. Frictional heat Is 
generated through contact between the shoulder and 
workpiece surface to soften the workpiece material

Tool Pin: provides the plastic deformation and mixing of 
the material molecules to produce a consolidated Joint.

Figure 3: A typical FSW tool [8]

The second stage is the Dwell Stage. During this stage the tool is no longer 

plunged vertically but is still rotating and sufficient vertical force is supplied to maintain 

contact between the tool shoulder and the workpiece. The dwell period usually last 

between 5-20 seconds. During this time, heat is generated w ithin the workpiece by 

friction between the rotating tool pin and shoulder, and also by severe plastic 

deformation of the workpiece. Localized heating softens material in the vicinity o f the pin 

and on fron t of the tool, this is necessary to progress to  the next stage.

The third stage is the Translation Stage. During this stage the tool begins to 

traverse along the jo in t line between the tw o plates. This leads to movement of material 

from the fron t to the back of the pin, thereby filling the hole in the tool wake as the tool 

moves forward producing a consolidated jo int. During this stage the workpiece material 

undergoes a forging action underneath the tool shoulder which restricts material flow  to 

a level equivalent to the shoulder position helping to  form a continuous joint.

Typical FSW Tool
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W hen a sufficient length o f w eld  is produced, the  tool is extracted  from  the  

w elded  w orkpiece and a key hole is left w h ere  the  too l exits the  jo in t which can be e ither  

nnachined o ff or filled in. Figure 4 shows tw o  sheets o f A A 2024-T3 w elded  to g e th e r using 

FSW. A sm ooth surface is achieved; how ever som e m achining may be required  to  rem ove  

any flash produced.

smooth surface finish

<5of Translation

1 r,

Joint line

Tool Exit Point

Flash

Figure 4; An exam ple of tw o  alum in ium  plates jo ined using FSW

1.3 Advantages of FSW:

FSW is considered a "green" technology because of its energy efficiency, env ironm enta l 

friendliness and versatility . W hen com pared w ith  conventional w eld ing  m ethods, FSW 

consum es considerably less energy, no consum ables such as a cover gas or flux are used, 

no harm fu l emissions are produced during w elding and it is re latively  qu iet th e reb y  

m aking th e  process env ironm enta lly  friendly.

In FSW, the  m elting point of th e  m ateria l is never reached m aking it a solid state  

process. There fore  conventional weld ing defects such as porosity and oxidation  w hich are  

associated w hen w eld ing alum in ium  alloys can be avoided. Furtherm ore , because FSW 

does not involve th e  use o f fille r m ateria l and no m elting  occurs, any a lum in ium  alloy can 

be jo ined  w ith o u t concern fo r com patib ility  o f com position or solidification cracking  

which are issues associated w ith  fusion w elds. Also, dissim ilar a lum in ium  alloys and 

com posites can be jo ined w ith  equal ease [3-5].
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In FSW, the  joints are continuous com pared with  conventional mechanical joints, 

the reb y  resulting in improved structural rigidity. On large structures, significant weight  

saving can be achieved by using FSW. Friction stir w elded  joints can also improve the  

fatigue life of a structure as the  stress concentrations associated with  traditional  

mechanical fasteners, such as rivets, can be avoided. Additional key benefits of FSW are  

sum marized in Table 1 [6].

Metallurgical benefits hnvironmental benefits Hnergy benefits

Solid phase pr(x;ess 
Low distortion o f workpiece 
Ciood dimensional stability 

and repeatability 
No loss o f alloying elements 
Excellent metallurgical 

properties in the joint area 
Kine microstructure 
Absence of cracking 
Replace multiple parts 

joined by fasteners

No shielding gas required 
No surface cleaning required 
Kliminate grinding wastes 
tiim inate solvents 
required for degreasing 
Consumable materials saving, 
such as rugs, wire or 
any other gases

Improved materials use (e.g.. joining different 
thickness) allows reduction in weight 
Only 2.5% o f the energy needed for a 
laser weld
Decreased fuel consumption in light weight 
aircraft, automotive and ship applications

Table 1: Key benefits of friction stir weld ing [6]

FSW Aluminium Advantages:

One of the  main advantages associated with  the  FSW process is its ability to weld any 

series of a luminium alloys, in particular the  2xxx series and 7xxx series alloys. These alloys 

are used extensively within the  aerospace industry due to  the ir  high strength to  weight  

ratio. However, these alloys are mostly non-w eldable  using fusion welding m ethods due  

to  problems w ith  oxidization, solidification, shrinkage, sensitivity to  cracking, hydrogen  

solubility and the resultant porosity problem [7]. Therefore, th e  majority of aircraft 

structural parts all tend to be mechanically jo ined using rivets.
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Aluminium

Cu Mn Si Mg Zn other

bxxx 7xxx 8

Fusion welding

■Fnction stir weldl

h«at*
treatable

non-heat-
treatable

mostly weldable | | j |  mostly non-weldable

Figure 5: W eldability  o f A lum inium  Alloys [19]

Frictions stir w eld ing has m any advantages over riveting:

•  FSW provides g reater fatigue strength, this is im p o rtan t w hen  considering th e  life 

cycle o f an a ircraft especially during tak e -o ff and landing

•  Using riveting, th e  tw o  com ponents rem ain as separate entities. FSW consolidates  

th e  tw o  com ponents into one th e re fo re  providing m ore structural rigidity.

•  Unlike FSW, riveting cannot join tw o  com ponents in a b u tt-jo in t configuration  

w ith o u t th e  presence of a cover plate. This means m ore m ateria l w hich adds to  

th e  w e ig h t o f the  structure.

•  The shape o f rivets increases th e  surface area of aerospace structures which can 

increase w ind friction and hence increase drag which is undesirable. This is not an 

issue w ith  FSW as it produces a sm ooth surface finish.

•  M an y  thousands o f rivets are required w hen assembling an aerospace structure  

which increases th e  aircrafts overall w eight, fuel consum ption and hence energy  

requirem ents . FSW is a non-consum able process th e re fo re  no w e ig h t is added.
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1.4 Disadvantages/limitations of FSW:

As mentioned previously, FSW is still in its relative infancy compared to more traditional 

welding and joining methods. Although FSW has many advantages over riveting and 

mechanical fasteners, the process has not been implemented w ithin the aerospace 

industry to the extent that one would have anticipated for a number of reasons some of 

which include:

The aerospace industry tends to be more conservative than most other 

industries due to the nature and operating environments of the ir products. Specifications 

or standards are the backbone of consistency. Currently, a few professional societies have 

technical committees entrusted with developing FSW process specifications. In addition 

some large aerospace organisations (NASA and Boeing) have developed their own 

welding specifications. These companies have adopted the FSW process as it provides 

solutions to critical problems rather than using FSW as an alternative to an existing 

technology. For example, Boeing used FSW to repair faulty MIG welds on aerospace fuel 

tanks which would have been scrapped otherwise. However, specifications have not yet 

emerged fo r general use. Lack of process specifications is a considerable barrier for 

industry-wide technological implementation. Most companies operate in a follower 

mode. That is, they wait until a significant number of technology adoption cases emerge 

to  lower the risk of uncertainty. A broader acceptance of FSW will be feasible only after 

common specifications are readily available. The research community can help the FSW 

process by building demonstrative prototypes, establishing design guidelines and 

specifications, identifying new applications and presenting this information to new 

audiences. At this moment there is simply an insufficient amount o f quantitative data 

available for many aerospace companies to become more comfortable w ith the FSW 

process. One of the objectives of this project was to  help develop FSW process 

specifications for the FSW of aluminium 2024-T3 plates.

FSW of sensitive components can be restricted due to the large downward forces 

and heavy duty clamping required to fix the workpiece into position. This is especially the 

case in the aerospace industries as rigidly clamping structural components can sometimes 

be geometrically difficult. This is not a problem with riveting which is much more flexible 

than FSW. In FSW it is also necessary to have a backing plate underneath the workpiece

7



to support the high vertical forces, again highlighting the low flexibility of the process. 

Due to  the large forces generated, equipment can be expensive as most commercially 

made equipment is individually designed for a given application and hence is more 

expensive than mass produced machines. This high equipment cost can be tolerated in 

high volume or high added value applications. Apart from the cost o f equipment, which 

must be suitable for the intended joints, the FSW process has some tooling and setup 

costs that must be taken into account when calculating the cost per weld. Tight 

concentricity requirements, when needed, may be difficult to  achieve. Also finishing 

operations may be required which adds to  the total cost. Therefore, for short runs the 

process may not be economical. The cost and design of these machines will dictate the 

affordability of this technology. For widespread use of FSW across all industries, it is 

imperative to  develop low cost machines. A better understanding of the forces occurring 

during the FSW process can help aid with the design of more efficient, cheaper and 

flexible machinery and the development of improved tooling designs. Characterizing the 

forces generated during the FSW of aluminium 2024-T3 was another objective during 

project.

The large number of variables that must be considered when implementing the 

process may also discourage the implementation of the process in some cases. Some of 

the variables to be considered are shown in Figure 6.

Material

Pin geometrv' Shoulder
geomelry

Shoulder to pin diameter ratio Clamp
geometry

Thickness
Traverse
speed

Melting point

Comp<isition 

Axial forceProperties

Tool design Clamp design

Clamp force

Ultimate strength
(Larger-thc-bcttcr)

Comp<isition 

Properties Axial force

Rotational speed

Material Machine

Figure 6: Variables to be considered when employing the FSW process [19]
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1.5 Applications of FSW:

Friction Stir weld ing has many potential applications in num erous industries due to  its 

m any advantages over traditional fusion welding and joining techniques. Although there  

has been a relatively slow uptake of the  process due to a n u m b er of reasons highlighted  

in the  previous section, some companies have adopted the  FSW for d iffe rent applications  

as the  process provided solutions to  well recognised problems, shortcomings or achieved  

significant cost savings. Some of these applications are shown in Table 2.

C om pany A pplication Reference

Boeing, US Delta II Rockets 9

Eclipse. US Aircraft Structure 10

Hydro Aluminium Ship Deck Panels 11

U.S. Military Navy Freedom Warship 12

Mazda RX-8, Japan Aluminium Body Assemblies 13

Fontaine Trailers, US Aluminium Trailers 14

Hitachi, Japan Train Bodies 15

RIFTEC, Germany Food Trays 16

SKB, Sweden Copper Nuclear waste Canisters 17

Table 2: Examples of some FSW applications

Aerospace Industry:

As m entioned  in previously, alloys such as the  2XXX and the  7XXX series are w ide ly  used 

fo r  aerospace structures such as fuselage, fins, wings, etc. U nfortunately , such high- 

strength a lum inium  alloys are difficult to  join by conventional fusion welding. Therefore,  

traditionally, a large a m o u n t  of aerospace structures are jo ined by means of riveting. The  

em ergence of friction stir welding provides an opportun ity  to a lte r the  traditional 

approach for producing lightweight assemblies with  cost savings at the  system level. TW I  

recom m ends th a t  FSW can be used in the  following potential aerospace applications:

9



•  Wings, fuselages, empennages

•  Cryogenic fuel tanks for space vehicles

•  Aviation fuel tanks

•  External th ro w  away tanks for military aircraft

•  M ilitary  and scientific rockets

•  Repair of faulty  M IG  welds

•  Various primary and secondary structural com ponents

Although FSW has the  ability to  weld 2xxx and 7xxx series a lum inium  alloys and 

has m any advantages com pared to  riveting, the  process has not been im plem ented  

within  the  aerospace industry to  th e  extent that one would  have anticipated due to  a 

nu m b er of reasons outlined in section 1.4. At present, most aerospace FSW applications  

have been technology driven w h ere  FSW provides solutions to  m ajor problems rather  

than providing an a lternative. These applications have been lim ited to space shuttle  

division of large US companies such as Lockheed M art in ,  Boeing and NASA. The majority  

of com mercial aircraft manufacturers have at present not adopted  the FSW process. 

However, companies such as Airbus and Bombardier are currently researching the  

possibilities of adopting the FSW process for future generation of aircraft.

Figure 7: FSW o f Boeing Delta II Rocket Tanks [18]

Eclipse Aviation is the  only aircraft m anufacturer at present tha t  has adopted

FSW for joining skins com ponents and structures in the  Eclipse 500  aircraft which was first

delivered in 2 00 6  [10] and is shown in Figure 8. The w elded  portions of the  Eclipse 500

are shown in Figure 9. They include cabin skins, aft fuselages skins, upper and low er wing

skins, side cockpit skins and the  engine beam [10].
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Figure 8; Eclipse 500 aircraft [10]

Figure 9: Eclipse 500 FSW Assemblies [10]

1.6 Research Objectives:

The slow or lack of uptake of the FSW process w ithin the aerospace industry is attributed 

to a lack of process specifications, lack of design guidelines, the generation of large forces 

requiring high cost machinery and the large number of variables that must be considered 

before adopting the FSW process. All of the above presents a serious barrier for industry­

wide technological implementation. Also, at present most commercial airliners are 

completely designed, modelled and tested using computer aided and engineering 

software before manufacture. Therefore, the development of a fin ite element model to 

simulate the process is also necessary to increase the uptake of the process w ith in the 

aerospace industry.

The workpiece material chosen for this project was the aerospace aluminium 

alloy 2024-T3 of thickness 4.82mm. The overall aim of the project was to optimise the 

operational parameters and tooling design, and also to provide an extensive 

understanding of the FSW process during the welding of this material. The purpose is to 

provide reliable experimental and FE data to help address process issues and thereby



contribute to a greater uptake of the FSW process w ithin the aerospace industry. Also, as 

the only University in Ireland (at present) researching this remarkable process, it is hoped 

this project w ill introduce the capabilities of FSW to new audiences. The primary 

objectives of this project were as follows:

1. Development of a FSW rig that can accommodate a range of different research 

instrumentation to m onitor the FSW process.

2. Develop specific guidelines on how the FSW process should be implemented with 

respect to  the chosen workpiece material.

3. Design, manufacture and test a number of complex tooling designs to determine 

which tooling arrangement produces optimal results.

4. M onitor the temperatures occurring during the process to get a better 

understanding of heat generation and thermal flow.

5. Characterize the force occurring during the process to get a better understanding 

on tooling/machine design and requirements.

6. Develop a processing window for a range of different operational parameters to 

determine their effect on the resultant welded joint.

7. Develop a fully thermo mechanical FE model capable o f modelling the FSW 

process.
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Finite Element Model

M ode l th e  FSW Process using 
D eform  3D

Experimental Analysis

Design o f a new  w e ld in g  rig th a t 
can be inco rp o ra ted  o n to  a Correa 

F3UE ve rtica l m illing  m achine.

Design and M an u fa c tu re  o f new  
cost-e ffec tive  to o lin g  w ith  d iffe ren t 

p in  and shou lder geom etries

Perfo rm  a FSW te s tin g  o ve r a range 
o f  d iffe re n t o p e ra tio n a l param eters

V a lid a te  th e  FEA m ode l by 
com paring p red ic ted 

tem pe ra tu res  and loads to  those 
recorded experim en ta lly

Tensile tes ting  
Fracture surface analysis 

Flaw and de fect de tection  
M ic ro s tru c tu re  analysis 
M icrohardness tes ting  
Non d e s truc tive  tes ting

Post Weld Analysis:

Tem pera tu re  m easurem ent using therm ocoup les 
and th e rm a l im agine camera

Loads in th e  X, Y, Z d irec tio n s  and T orque using a 
ro ta tin g  dynom om ete r

Research Instrumentation and Process 
Measurement:

Characterize th e  forces and tem pe ra tu res  occuring on bo th  th e  to o lin g  and FSW machine

Develop a processing w in d o w  fo r  va rious process param eters.

D evelope specific gu ide lines on process im p lem en ta tion

Develope a FSW F inite  E lem ent m odel using D eform  3D

D ete rm ine  th e  o p tim a l to o lin g  design and geom etry

Primary Objectives:

Figure 10: Project Overview /  methodology
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Chapter 2 

Literature Review

There are a large number of variables to consider when implementing the FSW process 

and they have various causes and effects. As a result there are many research papers 

available focusing on different aspects of the FSW process. Throughout this chapter the 

main emphasis is on previous research that involved FSW of a similar 2xxx series 

aluminium alloy to that used throughout this project (AA2024-T3) and also similar tooling, 

workpiece thickness, tooling design and operational parameters. However, in some cases 

a more general overview of particular aspects is presented.

2.1 Friction Stir Welding Tooling:

The tool serves three primary functions during the FSW process. That is, heating of the 

workpiece, movement of the material to produce the jo in t and containment of the hot 

metal beneath the tool shoulder. Heating is created within the workpiece both by friction 

between the rotating tool pin and the shoulder w ith the workpiece and by severe plastic 

deformation of the workpiece. The localized heating softens the material around the 

vicinity of the pin. This combined with the tool translation and rotation leads to 

movement of material from the front to  the back of the pin, therefore filling the hole left 

behind from  the tool wake as it transverses forward along the weld line. The vertical force 

applied by the tool shoulder on to the workpiece surface prevents material flow  above 

the initial workpiece top surface.

Friction Stir Welding is not possible w ithout the non consumable tool. Therefore, 

tool design is critical to ensure optimum weld performance. There are four factors to 

decide upon when designing a FSW tool:

•  Tool material

•  Shoulder design

•  Pin design

• Tool dimensions
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When choosing these factors it is also necessary to consider the following 

variables for a particular FSW application:

• Workpiece materials

• Joint configuration (Lap, but jo in t etc..)

• Process parameters ( rotational speed, translational speed, t ilt  angle)

•  Particular application

2.1.1 Tool Materials:

Knowledge of the tool material properties is important when selecting the correct tool 

material. Some of the characteristics to consider are:

• Cost and Availability: a tool material is not useful if a steady supply is not 

available at a reasonable cost.

• Machinability: some tools are designed w ith complex features on both the 

shoulder and the pin. Any material that cannot be machined relatively easily to 

the correct dimensions should not be considered

•  Ambient and Elevated Temperature Strength: tool material must be able to 

withstand the compressive and shear loads both as the tool enters the workpiece 

at ambient temperature and as it traverses along the jo in t line at elevated 

temperatures. Prevention of tool fracture or distortion is essential.

•  Wear Resistance: excessive wear can alter the tool shape, therefore increasing the 

probability of defects and reducing tool life.

•  Fracture Toughness: Local stresses and strains produced when the tool first 

touches the workpiece are sufficient to break the tool. Lienert and Stellwag [20] 

reported that tool damage was most significant during the initial plunge and dwell 

phases during FSW.

•  Tool Reactivity: Tool materials must not react w ith the environment or the 

workpiece as this could alter surface properties o f the tool.
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There  are m any published reports available for a range of d if fe rent tool materials  

and potential FSW applications. Table 3 shows a sum m ary o f the  current tool materials  

used in FSW in relation to  workpiece material and thickness [19], Table 4 displays the  

properties of the  d ifferent tool materials [19]. Throughout this project AISI H13 tool steel 

was used to  m anufacture the  FSW tooling. The advantages o f  using this tool steel are that  

it is abundant, easily machined, has a low cost and has well established characteristics. 

AISI H13 is a chrom ium -m olybdenum  hot-worked air hardened steel. It is known for its 

good elevated te m p e ra tu re  strength, therm al fatigue resistance and w e a r  resistance [21]. 

In addition to  FSW of a luminium alloys, H13 tools have also been used to  friction stir weld  

copper. For example, Anderson and Andrews successfully friction stir w elded  3 m m  thick 

copper plates using H13 as the  tool material [17].

Alloy Thickness mm Tool Material Status

All common Al alloys, 
Mg alloys

<12 AISI-H13, -M42, 
other tool steels

Commercial use or 
development

Al alloys except 7xxx 1 2 < t < 7 5 AISI-H13, -M42, 
other tool steels

Commercial use, 
+ development

Al 7xxx alloys 1 2 < t <  50 Densimet D176, 
Cobalt MP159

Development

Copper alloys <50 Densimet D176 
Cobalt MP159 
Nickel alloys

Development 
+ commercial use

Titanium + alloys <10 W-25Re development

C-Mn steels 
Stainless steels 

Ni alloys

<15 W-25Re, PCBN, 
W alloys, ceramics

development

Table 3: Current tool material used for FSW [19]
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Material

Oo

Available
?

Machinable
?

Reacts with 
?

Thermal
Stability

Tool Steels 500 Excellent Good Ti Good

WC-Co 800 Excellent Very Poor Ti Good

W Composites 800 Excellent Good OK Good

Refractory
Metals

1000+ Good Poor OK Some may 
oxidise

Ni alloys 800 Poor Poor Ti Good

Co alloys 800 Good Poor Ti Good

Stainless steels 800 Excellent Good Ti Good

Intermetallics 800+ Very poor Very Poor Some with Ti Mostly Good

Ceramics 1000+ Variable Very Poor Some with Ti Excellent

Table 4: FSWTool Material Properties [19]

2.1.2 Design of the Tool Shoulder:

The function of the shoulder is to provide frictional heating and also to provide the 

downward forging action necessary for weld consolidation. The first shoulder design 

successfully used for FSW had a concave geometry [1] as illustrated in Figure 11 and is still 

the most common shoulder design used in FSW. The shoulder concavity is produced by a 

small angle between the edge of the shoulder and the pin, between 6-10°. During the tool 

plunge, material displaced by the pin is fed into the shoulder cavity which acts as a 

reservoir for the material back extruded by the deformational plunging o f the pin and 

hence the forging action of the shoulder. Translation of the tool along the weld line 

forces new material into the shoulder cavity, thereby pushing the existing material into 

the flow  of the pin. Utilisation of this concave shoulder requires a tool t ilt  angle of 2-4°, 

Figure 12 illustrates the tool t ilt  angle. This t ilt  angle is critical in maintaining the material 

reservoir and enabling the trailing edge of the shoulder to impart a compressive forging 

force on the workpiece to  ensure a consolidated weld.

Shoulder Cavity

Figure 11: Shoulder cavity on a concave shoulder
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T oo l T ilt 
Angl*

D ire c tio n  
o f  T ra v t l

Figure 12: Tool Tilt Angle

The majority of research (past and present) conducted on the FSW of aluminiun' 

2024 and other 2xxx series alloys used a concave shoulder design [some examples: 42, 43 

47, 49, 50, 91, 92, 93]. Another example is Elangovan and Balasubramanian whc 

examined the influences of concave tool shoulder diameter (15, 18 and 21mm) on th€ 

FSW of 6mm thick AA6061 plates [24]. These authors reported that of the three shouldei 

diameters used to  fabricate the joints, a tool w ith an 18 mm shoulder diameter producec 

a defect free weld w ith the greatest jo in t efficiency and microhardness values 

irrespective of tool pin profiles. An example of these authors results are shown in Figurf 

13 . They attributed this to the relationship between the shoulder diameter and the heal 

generation due to  friction. These authors reported that a large shoulder diameter o 

21mm will generate more heat due to the larger contact area and greater periphera 

velocity. Which resulted in a wider TMAZ and HAZ region and hence the tensile propertie: 

and weld quality o f the jo ints deteriorated. They reported that smaller tool shouldei 

diameter of 15mm generates less heat due to its smaller contact area and lowei 

peripheral velocity. This resulted with insufficient weld consolidation.
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Figure 13: Effect of Shoulder Diameter on Joint Efficiency, Elangovan and
Balasubramanian [24]

A more recent tool development by TWI is a shoulder having a scrolled design 

machined onto it and is shown in Figure 14. Some of the advantages claimed by TWI 

regarding the scrolled shoulder are as follows;

•  The channels direct deformed material from the edge of the shoulder towards the 

pin, therefore eliminating the need for a t ilt  angle

•  Eliminating the t ilt  angle enables higher welding speeds, the ability to produce

non-linear welds and also reduces tool lift.

•  Material w ith in the spiral channel is continuously sheared from  the plate surface

and provides an enhanced shoulder friction heating surface. This enables the use 

of a smaller diameter tool shoulder.

•  Elimination o f weld surface undercut which results in a reduction in flash and an 

improved surface finish. Therefore the need for post weld removal of flash for 

aesthetic, corrosion or fatigue prevention reasons is eliminated.
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Figure 14: Scroll shoulder Design [23]

Only a small number of authors have implemented the scrolled shoulder design 

during FSW. The TWI tends to  keep their most recent/advanced tooling designs and 

results confidential for companies who hold a FSW licence from TWI. Therefore 

information of the scroll design (number of revolutions, pitch length, scroll height, land 

width, shoulder diameter) and process specification (optimal shoulder plunge depth) is 

not readily available. This may explain the lack of research conducted using the scrolled 

shoulder design. To date no authors have publically published papers reporting successful 

Friction Stir Welding of the workpiece material chosen for this project (AA2024-T3) using 

a scrolled shoulder design.

Scialpi and Filippis examined the effects of shoulder geometry on microstructure 

and mechanical properties of friction stir welded aluminium 6082 butt jo in t of thickness 

1.5 mm [27]. They examined the effects of three different shoulder designs which are 

shown in Figure 15. These authors reported that for tensile tests, the three joints showed 

good strength and very little  differences between the 3 designs, (see Table 5). Similar 

results were concluded for micro hardness tests.

Tfc  ̂fillet -*■ cavit/Tpj; filtet + scroll tool
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Figure 15: Three Different Shoulder Designs used by Scialpi and Filippis [27]

UTS for transverse tensile test at nxm i temperature

L T S (M P a i LTS^^'/U FSbm

Base metal 331 100
ns 252 76
nc 254 “vn

f

Ty 252 76

Table 5: Tensile tests Performed by Scialpi and Filippis [27]

Leal and Leitao produced friction stir welded butt joints in 1mm thick plates of 

AA5182 and AA6016-T4 aluminium alloys [28]. These authors used tw o different shoulder 

designs, a concave shoulder and a scrolled shoulder which are illustrated in Figure 1. 

These authors reported a reduction in weld thickness for the concave shoulder but 

reported no reduction in weld thickness with the scrolled shoulder. They also reported 

that the concave shoulder produced a smoother surface finish compared to the scrolled 

shoulder as shown in Figure 17.

Figure 16: (a) Concave Shoulder, (b) Scrolled Shoulder used by Leal and Leitao [28]

Figure 17: Surface Finish (a) Concave Shoulder and (b) Scroll Shoulder [28]
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2.1.3 FSW Pin Design:

The function o f the  tool pin in FSW is to produce deform ationa l and frictional heating of 

the  workpiece materials. It is designed to  merge the tw o  w orkpiece materials together  by 

shearing the  materia l in front of th e  tool and then moving it behind the  tool. The depth of  

deform ation  throughout the  workpiece thickness is directly proportional to  the  length of 

the  tool pin. Additionally, it is also im portant to  consider the  tool pin design when  

choosing a translational speed. High translational speeds induce large forces upon the  

too l pin which must be able to  withstand these forces o therw ise pin fracture  can occur.

There  is a w ide range of d ifferent tool pin designs available and discussed in 

published literature. Tool pins com e in many different shapes, sizes and some have 

features machined onto them . The first FSW pin cited in th e  original FSW patent [1] 

consists o f a cylindrical threaded pin and an example of this type of design is shown in 

Figure 18. The intended function of the  threads on the  pin is to  transport the  workpiece  

m ateria l from  the  shoulder down to  the  bottom  of the  pin. There fore  a tool rotating in a 

clockwise direction will require left handed threads.

2 mm
Figure 18: Threaded Cylindrical Pin [1]

In som e FSW applications, threaded  features on the  pin cannot survive w ithout  

fracture or severe wear. These applications require the  tool pin to operate  under 

aggressive environm ents, for example high tem p era tu re  or highly abrasive composite  

alloys. The pins cannot retain the ir  threaded features w ith o u t  excessive pin w ear or 

fracture. In such cases a unthread pin is used due to  the ir  robust but yet simple design, 

Figure 19. An unthreaded tool is also used when welding thin sheets. Pin designs for thin  

sheets are small with little surface area for features. Machining threads onto the  pin
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would significantly weaken it and cause premature pin failure. For example, Scialpi et al 

[27] used an unthreaded tool during the FSW of AA6082 w ith a thickness of 1.5mm and 

report weld strength efficiencies between 76 -  77% of the parent material. Shanmuga 

and Murugan [26] also used an unthreaded cylindrical pin design during the FSW of 

dissimilar aluminium alloys, aa2024 and AA5083.

Figure 19: Unthreaded Cylindrical Pin [26]

One adaptation of a cylindrical or straight (threaded or unthreaded) FSW tool pin 

is to place a taper onto it as shown in Figure 20. As the tool traverses along the weld line, 

the largest moment load acting on the tool occurs at the base of the pin. The base of a 

tapered pin w ill be stronger than that of a cylindrical pin due to  its greater thickness. This 

enables faster welding speeds and also the ability to weld thicker plates. For example 

Fonda and Bingert [30] used a FSW pin w ith a taper to FSW 25mm thick aluminium- 

lithium alloy 2195 plates.

Figure 20: Tapered Threaded FSW Tool Pin [30]



Another feature that has been machined onto the FWS pin is a number of flats; 

Figure 21 shows an example of a tool with flats. Thomas et al [25] stated that the addition 

of flat regions to the tool pin increased the deformation of the plasticised workpiece 

material by acting as paddles and producing local turbulent flow which increases mixing 

of the materials. During FSW testing of 25.5m m  thick 5083-H131 plates, Colligan, Xu and 

Pickens reported that a reduction in transverse forces and tool torque was directly 

proportional to the number of flats placed on a truncated cone [32].

♦
•  )  A

Figure 21: Unthreaded Tool Pin with 3 Flats [31]

A more recent (2010) paper on tool pin design was published by Shanmuga and 

Murugan [26]. These authors tested 5 different pin designs (tapered Cylindrical with  

Groves (CG), Tapered Square (TS), Tapered Hexagon (TH), Paddle Shape (PS) and Straight 

Cylindrical (SC)) during the FSW of AA2024 and AA5083 of 5mm thickness. The different 

tooling designs tested by these authors can be seen in Figure 22. Results indicated that 

the TH tool pin closely followed by the TS tool pin produced the highest tensile strength 

and elongation over a range of different rotational speeds (800 -  1600 rpm) and 

translational speeds (40 -  80 m m /m in). This was attributed to the flat faces associated 

with these pin increasing the amount of plastic deformation and mixing of the workpiece 

materials.
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(CC) (TS) (TH) (PS) (SC)

Figure 22: Different  pin shapes ,  S h a n m u g a  an(d M u ru g an  [26]

-

; 2 t i  ■

-Kl

Welding spvcd (S), mm/min

SCCC TS  IH PS

Figure 23: UTS for  (different pin des ign,  S h an m u g a  an d  M u r u g a n  [26]

K. Elangovan and V. Balasubrannanian also e x a m in e d  t h e  ef fec ts  of tool  pin 

des ign on  t h e  FSW of AA2219 pla tes  of 6 m m  th ickness  [34,35].  The five d i f fe ren t  pin 

des igns  s h o w n  in Figure 24 w e r e  used an d  we lds  w e r e  p r o d u c e d  us ing t h r e e  d i f ferent  

ro ta t ion al  s p e e d s  (1500,  1600, 1700 rpm) an d  t h r e e  d i f fe rent  t rans la t iona l  s p e e d s  (0.37, 

0.76,  1.25 m m /s ) .  The results  s h o w n  in Figure 25 indicated  t h a t  w e ld ing  using t h e  s q u a r e  

pin des ign a lways  p r o d u c e d  d e f e c t  f r ee  we lds  i r respect ive  of  ro ta t iona l  and t rans la t ional  

s p ee d s ,  jo in ts  fa br i ca ted  using t h e  s q u a r e  tool  profile exhib i ted  supe r io r  tens ile  

p r o p e r t i e s  c o m p a r e d  to  t h e  o t h e r  joints.  Again this w a s  a t t r i b u t e d  to  t h e  flat faces  of  t h e
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square pin producing a pulsating action which encouraged increased plastic deformation 

and mixing of the workpiece materials.

O

n c > i
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Figure 24: Elangovan and Balasubramanian, tool pin profiles [34]
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Figure 25: Elangovan and Balasubramanian, effect o f pin profile on jo in t efficiency [34]

The MX Triflute pin is the latest tool pin designed by TWI for FSW of both 

aluminium alloys and copper alloys [36, 37], It consists of a three flu te  tapered design cut 

into a helical ridge. Some of the advantages claimed by TWI regarding the MX Triflute tool 

pin are as follows [29]:

•  Triflute pin displaces 70% less material during welding than a cylindrical pin and 

hence reduces the stress acting on the tool during welding.
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•  Helical flutes and threaded features produce a more efficient material flow path, 

the break up and dispersal of surface oxides, and an increase the interface 

between the pin and the plasticised material.

•  The major factor determining the high performance and the superiority of the MX  

Triflute probe over a conventional cylindrical pin is the ratio of the volume of the 

pin swept during rotation to the volume of the probe itself. The ratio between  

dynamic volume as opposed to the static volume for the Triflute pin is 2.6:1 where 

as it is 1.1:1 for a cylindrical pin. This indicates the increased plastic deformation  

and mixing of the workpiece material associated with the Triflute pin design.

Left hand helix on 
ou ter diamelsT lands

Example o f helix
s liow ing  w ell radlused 

Not to  scale co rn e n

Figure 26: MX Triflute Tool Pin [36]

Similar to the scrolled shoulder design, only a limited number of authors have

im plem ented the MX Triflute design during FSW. This is because as m entioned earlier the  

TWI tend to keep their most recent/advanced tooling designs and results confidential to 

companies holding one of their FSW licences. However papers that do report the use of

the MX Triflute pin don't give any great detail of the design, operational parameters,

results and process specifications. For example, Strangwood and Davis report the 

production of successful FSW butt joints of AA5251 using an MX Triflute tool [38]. SKB a 

Swedish nuclear waste m anagem ent company, who are currently manufacturing 50mm  

thick copper canisters using FSW to store nuclear waste, reported that changing to an MX
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Triflute pin design increased the tool travel speed by 2.5 compared to their previous 

threaded pin design w ithout sacrificing weld strength [39].
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2.1.4 FSW Tool Dimensions

The workpiece thickness determines the pin length to achieve a consolidated weld 

throughout the thickness. Pin diameters need to be small enough to allow consolidation 

of the workpiece material behind the tool but also must be large enough to support the 

traverse load and not fracture. The ratio of shoulder diam eter to pin diam eter is 

dependent on the material thickness and the heat input required. Researchers have 

preformed successful welds using a range of different shoulder-to-pin ratios for different 

materials and thicknesses. Some of these are listed in Table 6. TWI reported a number of 

different tool dimensions to give optimum performance for various aluminium alloy of 

different thickness [40] and these recommendations are shown in Figure 27.

shoulder 

Diam eter (mm)
Pin Diameter (mm) Shouk)er-to-pin ratio Woricpiece material

Thickness

(mm)
Ref

13 5 2.6:1 Al 6061-T6 3 41

20-30 8-12 2.5:1,1.6:1
Al 7050, 2195, 5083, 2024, 

7075
6.35 42

23 8.2 2.8:1 Al 2024-T351 6.4 43

20, 16 6 3.3:1, 2.7:1 Al 5083 and 6061 5.5 44

12 4 3:1
Al 1050 and oxygen free 

copper
1.8 45

25.4 7.87 3.22:1 Al 7075-T7351 9.53 46

23 8.4 2.7:1 Al 2524-T351 6.4 47

20 4 5:1 Al 6064 to Cartxjn Steel 4.5 48

23 8.2 2.8:1 Al 2024-T351 7 49

10 3.8 2.6:1 Al 2095 1.63 50

25 9 2.8:1 Al 5251 5 51

Table 6: Summary of tool dimensions used by different researchers
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A h im in iitm Mtfeiial FSW Tbd Dimensions
Alloy iUJUUicSS

m m At B C* D E F 0 H I J K
2014 M5x0.7 3.75 3.0 15 lO* 0.7 6 26 11 2 2

2219 6.4 M8z 1 6 62 25 r 1 10 35 19 2 2

5083 Mil X 125 825 123 33 T 1 10 35 28 2 2
5754 1.6 M3 X 0.5 2J 1.4 10 T 03 - 15 - - -

1.6 M3xOJ 15 1.4 73 i(r 03 15 - - -

6062
32 M5x0.7 3.75 3.0 123 10* 1 6 26 9 2 2
6.4 M8x 1 6 62 20 8* 1 10 35 15 2 2
12.7 M il X 125 83 123 25 10̂ 1 10 35 19 2 2

M6 X 0.75 43 3X) 15 10* 0.7 6 26 11 2 2
7075 6.4 MIO X 125 73 62 25̂ 8* 1 10 35 19 2 2

M12 X 13 9 123 30 r 1 10 35 19 2 2

Degrees) E

F
(Radius)

A
(LH. Thread)

Figure 27: TWI recom m ended tool dim ensions [40]
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2.2 Friction Stir Welding Operational Parameters:

The operational parameters contro lled through the FSW machine are listed below:

•  Rotational speed

• Translational speed (welding/traverse speed)

• Tool t i l t  angle

• Plunge Speed

• Tool plunge depth (position controlled machinery)

• Tool vertical force (force contro lled machinery)

All o f these parameters are inputs in to the process and vary in relation to  the 

material to  be welded, the weld depth required and the FSW too l designed used. The 

choice o f parameters to  be used is determ ined by the qua lity  and perform ance 

requirem ent o f the welded com ponent or application. For example strength, ductility , 

fo rm ability , corrosion perform ance, dissim ilar welds etc. A lthough there are many 

d iffe ren t perform ance requirem ents to  decide upon in FSW, the prim ary goal is to  

produce a defect free weld w ith  optim um  weld strength efficiency or a weld strength 

efficiency above an acceptable standard. W ith those tw o  goals in mind, the most 

in fluentia l operational parameters are too l ro ta tiona l speed and translational speed. 

Lakshminarayanan and Balasubramanian carried out a Taguchi analysis on the FSW of 

a lum inium  alloys and reported tha t rotational speed and translational speed were the 

most significant operational parameters contribu ting  to  tensile strength o f FSW jo in ts. An 

example o f the ir results is shown in Figure 28 [52],

Error 5%

Others 21%

Rotational 
Speed 41%

Translational
Speed 33%

Figure 28: Percentage significance o f operational parameters fo r FSW [52]
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A large range of rotational speeds and translational speeds have been reported 

by different authors. This is attributed to the large num ber of factors affecting these 

chosen parameters which include; machine limitations, tool shoulder and pin geometry, 

tool material, workpiece material and workpiece thickness. Even when considering a 

single material, AA2024, with a thickness range between 3 - 6  mm, there is a large range 

of operational parameters reported by authors as indicated in Table 7. Also, it can be 

seen that many authors fail to  specify the exact operational parameters, tooling designs 

and dimensions chosen during their research, which prevents the emergence of general 

process specifications associated with this particular material and thickness.

Workpwce
Workpiece
Thickness

(mm)
Tool Pin

Tool
ShouMer Tilt Angle

Rotational
Speed
(rpm)

Translational Speed 
(mm/min) Date Reference

2024-T3 4 r^A N/A N/A SOO-2400 80-240 1999 72

2024tT351andTB) 6

screw head 
pin. no 

diameter 
given

concav«
shoulder,

16mm
diameter

1-2 degrees S50 120 2005 91

2024-T3 6 N/A N/A N/A 340 - 531 272-476 2004 56

2024-T3 and &065- 
T4

4

5mm 
diameter 
cylindrical 

threaded pin

concave
shoulder,

15mm
diameter

N/A 500 - 1200 150-400 2007 92

2024-T3 5

threaded,
6mm

diameter,
height
5.5mm

16mm
diameter N/A 850 120 2005 95

2024-T3 6 N/A N/A N/A HJA N/A 2011 94

AA2024-Te and 
AA5083-H321 5

Numerous 
pin shapes

fexLsq.

groves)

N/A N/A SOO-1600 4 0 -8 0 2010 26

2024-T3S1 3

screw taper, 
5mm base, 
4mm tip, 

2.9mm 
length

17mm
diameter 2-3 2140 40 2009 93

2024-T351 6.35 MS threaded 
tool

N/A N/A 215-468 75 - 154 2007 57

Table 7: Operational parameters during FSW of 2xxx series aluminium alloys

TWI claims that the flexibility of the FSW process is attributed to the range of 

operational parameters. However changing these operational parameters can have a 

significant effect on the mechanical properties of the welded joint, desired application, 

and the forces acting on the tooling and machinery. Therefore specific process guidelines 

need to be established with a clear understanding of the resulting outcome if FSW is to be 

im plem ented to a greater extent within the manufacturing industry.
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2.2.1 Effect of Rotational Speed:

FSW can be conducted over a wide range of rotational speeds. Hov^/ever, in general too  

low a rotational speed will reduce the amount of heat generated through friction and 

plastic deformation by the tool shoulder and pin on the workpiece. Insufficient heat 

generation will not soften the workpiece material sufficiently and therefore will increase 

the stresses acting on the tool as it traverses through the workpiece and increase the risk 

of tool fracture. Too low a rotational speed can also result in a lack of stirring of the 

material to be welded which leads to a poor weld consolidation, the form ation of defects 

and poor weld strength. On the other hand too high a rotational speed can also cause 

problems due to  overheating. For FSW to maintain its claim as a steady state process, the 

maximum tem perature must not exceed 80% of the melting point tem perature of the 

material to  be welded. Restricting elevated tem peratures and melting also ensures FSW 

avoids conventional welding defects. In heat treated alloys, excessive heating can reverse 

the heat treatm ent and reduce the strength of the alloy. Also, the majority of heat 

generation occurs at the top surface due to contact between the shoulder and workpiece. 

Therefore excessive heating can cause uneven heat dispersion through the thickness of 

the workpiece material and may cause distortion of the workpiece.

M oataz and Hanadi [53] have stated that at very high rotational speeds, second 

phase (strengthening) particles would suffer more fragm entation and this would lead 

to segregation of particles in other parts of the TMAZ. These authors report that as 

the rotational speed is decreased, the tem perature within the nugget decreases and the 

volume fraction of coarse second phase particles increases. Hence, the tool rotation 

speed must be optimized to obtain a nugget region having fine particles uniformly 

distributed throughout the matrix.

Many authors have reported different optimum rotational speeds for different 

materials and for different alloying grades. For example V. Balasubramanian friction stir 

welded a range of aluminium alloys (AA1050, AA6061, AA2024, AA7039 and AA7075) at 

various rotational speeds. This author reported defect free welds at different rotational 

speed depending on the particular alloy. For example, AA2024 plates w ere friction stir 

welded at 1000 ,1 100 , 120 0 ,1 3 0 0  and 1400 rpm. Defect free welds w ere only reported at 

rotational speeds of 1200 rpm. This author also suggests that the optimal rotational
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speed is directly proportional to  the  yield strength of th e  aluminium alloy. The lower the 

yield strength  of th e  aluminium alloy, the  lower th e  tool rotational speed required to 

produce a defect free weld.

M.A. Sutton e t  al investigated the  relationship be tw een  ultimate tensile strength 

and total elongation for various rotational speeds (100 to  800 rpm) at a fixed translational 

speed  of 2.11 m m /s  on th e  FSW of AA2024 [55]. The effect of rotational speed on the 

ultimate tensile strength (UTS) and total elongation of a te s t  piece is shown in Figure 29. 

Initially, th e  value of UTS increases significantly as th e  rotational speed is increased until 

an optimal value of UTS is reached at 480 rpm. Further increases of rotational speed 

resulted in welds with lower UTS values. This is also mirrored by th e  total elongation of 

the  weld specimens, as th e  elongation declines sharply be tw een  480 and 600 rpm. It was 

argued by the  au thor  th a t  this was due  to  overheating which caused grain boundary 

melting and th e  formation of brittle s tructures within th e  weld. If th e re  are low melting 

regions e m b ed d ed  in the  bulk higher-melting material, then  local melting may occur and 

this may be detrimental to  th e  final properties of th e  weld resulting in defects.

2  500

1
f  460
§
a  440 
I  420 
I  400 

i  380
100 200 300 400 500 600 700 iqO 200 300 400 500 600 700

Rotation speed, rpm Rotation speed, rom

Figure 29: M.A. Sutton, effect of rotational speed on (a) UTS and (b) elongation [55]

K. Elangovan e t  al examined th e  influence of rotational speed (1500, 1600 and

1700 rpm) on the  FSW of 6mm thick AA2219 plates [34]. For a fixed translational speed of

0.76 mm/s,  th e se  authors  report  th a t  joints fabricated at a rotational speed of 1600 rpm

showed superior tensile properties and microhardness values com pared to  the  other

joints, irrespective of tool profiles used. An example of these  authors  results can be seen

in Figure 30. These authors  s ta te  th a t  rotational speeds  above 1600 rpm caused excessive

release of stirred materials to  the  upper surface, which resulted in voids within the

nugget zone. Also, rotational speeds below 1600 rpm resulted in lack of stirring. These
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authors also report an increase in test piece elongation w ith increasing rotational speed 

and attributed this to the increased heat input for higher rotational speeds.
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Figure 30: Elangovan, effect of rotational speed on jo in t efficiency and hardness in the
nugget zone [34]

2.2.2 Effect of Translational Speed:

The translation speed of the tool is the constant speed at which the tool is feed along the 

jo in t line of the workpiece plates and is also referred to as the welding speed. The 

translational speed has a direct relationship w ith the rotational speed. A lower 

translational speed will perm it more time for rotary action which w ill include increased 

heat input and enhanced stirring of the workpiece. A higher translation speed on the 

other hand will have the opposite effect. Also, higher translational speeds increase the 

force acting on the fron t of the tool as it traverses through the workpiece and can cause 

tool fracture. One of the main advantages o f FSW over conventional welding techniques 

and mechanical joining is its speed and efficiency in producing a consolidated weld in one 

pass. Therefore there is a constant drive to increase tool translational speeds for 

industrial applications to increase productivity w ithout sacrificing weld strength and 

increasing the risk of tool fracture. Therefore, finding the correct combination of tool 

rotational speed and translational speed is essential.

Similar to the rotational speed, many authors have reported the production of 

consolidated friction stir welds at various translational speeds for various materials and 

also different alloying grades. For example V. Balasubramanian friction stir welded a
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range of aluminium alloys (AA1050, AA6061, AA2024, AA7039 and AA7075) at various 

translational speeds  [54]. This au thor  reported defect free welds at different translational 

speeds  depending on the  particular alloy, examples are shown Figure 31. For example, 

AA2024 plates w ere  friction stir welded at  a fixed rotational speed of 1200 rpm with 

varying translational speeds  (22, 45, 75, 100 and 135 mm/min). Optimum defect free 

welds were  reported at  a translational speed of 75 mm/min.  This au thor  also suggests 

th a t  the  welding speed has an inverse relationship with the  yield strength of the 

aluminium alloys.

A A I050

A A M 6I

AA2024

AA7039

AA7075

Figure 31: V. Balasubramanian, effect of translational speed on macrostructure  of
aluminium alloys [54]

K. Elangovan e t  al investigated th e  influence of translational speed on the 

formation of th e  friction stir processing zone in AA2219 [35]. Using various tool profiles, 

these  authors  performed a range of friction stir welds at a fixed rotational speed of 1600 

rpm and various welding speeds  ( 0.37, 0.76 and 1.25 mm/s).  Results indicated tha t  joints 

fabricated at a welding speed  of 0.76 m m /s  dem ons tra ted  superior tensile and elongation 

properties  regardless of th e  tool geometry. Figure 32. These authors  attr ibuted this to 

optim um  therm al input at  this translational speed. Higher translational speeds resulted in 

a lower hea t  input per unit length of the  weld and lack of stirring in the  friction stir 

processing zone which resulted in poor tensile and elongation properties. A lower welding 

speed encouraged higher tem pera tu res  with a slower cooling rate which caused grain 

growth and severe clustering of CuAI precipitates which again resulted in poor  tensile and 

elongation properties.

b) 75 m m /m in

(4 ) 45 m m /m in

(v) 45 m m /m in
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Figure 32; K. Elangovan, effect of welding speed on (a) Elongation and (b) Joint
efficiency% [35]

J.K. Kristensen et al investigated tensile strength as a function of translation 

speed when friction stir welding 6mm thick AA2024-351 [56], For fixed rotational speeds, 

a decrease in ultimate tensile strength was found with increasing translational speeds 

between 270 to 560 mm/min.

During the FSW of AA2024-T351 6.35mm thick plates, Jariyaboon reported on 

the variation of hardness across the weld line as a function of translational speed [57]. For 

a fixed rotational speed of 468 rpm, increasing the translational speed from 75 to 154 

mm/min resulted in increased hardness across all weld zones. Similar results were also 

found by Reynolds and Pohlman when translation speeds where increased from 51 to 204 

mm/s [58].

2.2.3 Effect of Tool Tilt Angle:

The tool t ilt  angle is the inclination angle o f the tool opposite to the tool travel 

direction. As mentioned in section 2.1.2 the function of the t ilt  angle is to maintain the 

material reservoir and thereby enable the trailing edge of the shoulder to impart a 

compressive forging force on the workpiece to ensure a consolidated weld. Generally a 

t ilt  angle of between 2-4° is sufficient to produce a consolidated weld. TWI report an 

optimum tool t ilt  angle of 3° for friction stir welding of aluminium butt joints [40]. Chen
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and Yan [59] preformed friction stir butt  welds on 4m m  thick AA5456 at various tool tilt 

angles (1.5° to  4.5°). For a fixed rotational and translational speed of 1000 rpm and 180 

m m /m in  respectively, these  authors  report optimal tensile strength was achieved for a 

tool tilt angle of 3.5“ as shown in Figure 34.

Tool Tilt 
A n(l«

D irec tion  
o f  T ravel

Figure 33: Tool Tilt Angle
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Figure 34: H. Chen, effect of tool tilt angle on tensile strength [59]
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2.3 Weld Zones in Friction Stir Welding;

Figure 35 is a graphical representation of the four distinctive zones which can be found in 

a friction stir weld:

•  A; Parent Material (PM). This area is unaffected by heat or deformation

•  B: Heat Affected Zone (HAZ). Area affected by heat but not plastically deformed

•  C&D: Thermo-Mechanically Affected Zone (TMAZ). Area affected by heat and

deformation. In most materials, all of the TMAZ will recrystallized. In aluminium, 

only the hottest part will recrystallized to  form the nugget.

• The Nugget is still classified as part o f the TMAZ. Aluminium alloys show both 

recrystallized (D) and non-recrystallized (C) TMAZ areas.

Width of tool shoulder

NUGGET(D)

PM HAZ TMAZ (C+D) HAZ PM

Figure 35: Weld Zones in the FSW of aluminium [40]

2.3.1 Nugget Zone:

During the FSW process, as the tool translates along the weld, material must flow  around 

the pin thereby undergoing intense plastic deformation at elevated temperatures. This 

region around the pin is known as the nugget zone and the microstructure it exhibits is 

completely unrecognisable from that of the base material. The grains w ithin the nugget 

are completely demolished by the tool pin and are replaced with fine, equiaxed grains. 

This is a result of the continuous dynamic recrystallization occurring in this zone due to 

severe plastic deformation at an elevated temperature. A wide range of nugget grain sizes

can be achieved by manipulation of the welding process parameters. For example,
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Jariyaboon et al showed that welding parameters, especially rotational speed, has an |

effect on grain size in the nugget [57]. At a fixed translational speed, increasing the |
i

rotational speed resulted in larger grains within the nugget zone due to an increase in i 

heat input. Depending on the operational parameters, some authors have reported grains 

sizes within the nugget on the order of 10s of micrometers to less than Ipim [60, 24].

2.3.2 Thermo-mechanically affected zone (TMAZ)

Thermo-mechanicaily affected zone is found at either side of the nugget zone. Although 

this zone has not been directly subjected to pin or shoulder action, due to internal shear i
f

stresses, it has experienced severe thermo-mechanical alteration. However, no dynamic 

recrystallization occurs in this region [61]. Consequently the microstructure of the TMAZ 

is recognisably that of the base material, but severely deformed. The temperatures in this 

zone although not great enough to cause dynamic recrystaliization, will cause a slight 

tempering effect of the material. Therefore the material properties in this region tend to 

be lower than those found in the base material.

2.3.3 Heat affected zone (HAZ)

The HAZ is located on either side of the TMAZ. It is defined as the part of the weld zone 

that is not mechanically affected but does undergo a considerable thermal cycle. The size 

of the HAZ will be dependent on peak temperatures achieved around the tool and the 

thermal conductivity of the material being welded. The size of the HAZ can be assessed by 

conducting hardness tests and or observing the microstructure of the material. The 

hardness will transition towards the same value as the parent metal with increasing 

distance from the weld centerline. Ideally the HAZ should be kept as small as possible and 

can be controlled by altering weld parameters. Nevertheless the HAZ developed during 

FSW is significantly smaller than that of traditional fusion welding due to the lower 

temperatures required. Degradation of the base metal properties can be expected in the 

HAZ, this degradation is caused by micro structural modifications associated with the 

elevated temperatures experienced in this zone [62].
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2.4 Imperfections Found in Friction Stir Welding:

A flaw  is an unintentional imperfection in a w elded  structure which may or m ay not 

com prom ise the  integrity of the  structure. A fter a critical assessment, it could be 

regarded as a defect or accepted as a tolerable  flaw. A defect is an imperfection in a weld  

whose presence cannot be to lerated. It must be rem oved or o th er  rem edia l action must 

be taken. M an y  types of welding imperfections exist. Solidification related flaws such as 

hot cracking, gas evolution flaws such as porosity and metallurgical flaws such as cold 

hydrogen cracking, reheat cracking etc are the  traditional imperfections produced in 

fusion welds. There are also a num ber of procedure induced flaws such as lack o f  fusion, 

slag en trap m en t,  undercut, burn-through etc. H ow ever it must be noted that none of  

these flaws occur during friction stir welding. Imperfections in friction stir weld ing do 

exist and are prim ary based on the  following types:

•  Root Flaws

•  Inadequate  Plastic Flow

•  Oxide Entrapm ent /  Joint Line Remnants

2.4.1 Root Flav\/s:

These are potentially  the  most serious flaws. They are areas of no bond or w eak  bond 

close to  the  root, located on the  deform ed original jo in t line. They are normally  caused by 

the  root being too  cool or the  pin being too short. Root flaws can be quite  long and are  

difficult to  detect by non-destructive methods such as radiography, dye penetrant  

inspection and visual examination. The only definitive m ethod  currently  available is a 

destructive bend test or tensile test. Figure 36 shows a root f law  caused by the  tool pin 

being too  short. This results in a workpiece that is not w elded  throughout its thickness. 

Root flaws like this cause a reduction in tensile properties and fatigue strength [67].
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Figure 36: An example of a root flaw which occurred during FSW [67]

2.4.2 Inadequate Plastic Flow:

A good level of plastic flow is needed to make a friction stir weld. If the material cannot 

flow, it will fracture under severe forces, leaving voids (sometimes incorrectly called 

porosity) which maybe large or small and either buried or surface breaking. Sometimes a 

void can occur right throughout the length of the weld; this is sometimes called a tunnel 

flaw. Voids can be found in any part of the weld. However, they are often found in the 

transition between the shoulder dominated and pin dominated regions where material 

flow is more likely to be chaotic. An example of a void caused by inadequate plastic flow 

of the workpiece material can be seen in Figure 37.

Figure 37: Occurrence of a void due to inadequate plastic flow during FSW [76]
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2.4.3 Oxide Entrapment /  Joint Line Remnants:

In any fric tion  stir w e ld , it is possible to  trace th e  original, highly deform ed  jo in t line. This 

called th e  jo in t line rem nant. The faying surfaces are always covered by an oxide layer. 

Due to  th e  high strains, the  faying surfaces w ill be d istorted and stretched during th e  

w eld ing o p era tio n  and consequently the  oxides on the  surface will be broken up and 

red istributed . If large oxide particles are present, this will m ake th e  original jo in t line 

m ore visible. A lthough th e  jo in t line rem n an t is occasionally associated as an area o f 

w eakness, it is n o t an im perfection  as it is always th e re . H ow ever, if th e re  is a high density  

o f oxides, this can com prom ise the  integrity o f the  w eld . Figure 38 shows a jo in t line 

rem n an t on th e  cross sectional area of an un-etched friction  stir w eld .

ipii!, I ■ ■ i i i u u B H w a w w y w — '

Figure 38; Joint Line R em nant [76]
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2.5 FSW Machinery:

The choice of a particular type of machine for a given application should be based on both 

economic and technical factors. Economic factors include cost and productivity. Technical 

factors include force, stiffness, sensing and flexibility (number of axis) etc. There are three 

basic equipment solutions that can be considered when deciding on a machine for friction 

stir welding:

• Custom Built Machines

• Robots

• Modifying Existing Machines 

2.5.1 Custom Built FSW Macliines:

Custom built machines are available in many sizes and shapes and can have a large range 

of technical capabilities. As the name implies, they tend to be built to the exact 

requirements for a specific application. As a consequence, their cost has a large range, 

from under €10,000 to millions of euro. There are several suppliers of this type of 

equipment:

•  ESAB (Sweden)

• General Tool (USA)

• MTS (USA)

• Hitachi (Japan)

An example of a custom built machine is one that is used by Marine Aluminium 

in Norway for the welding of long extrusions required to fabricate panels for shipbuilding 

and is shown in Figure 39. Using this machine, multiple extrusions are welded together to 

create a large panel. Another example is the 4-axis gantry machine used for FSW research 

in TWI Sheffield UK which is shown in Figure 40.
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Figure 39: Custom built FSW machine for welding long extrusions used by Marine
Aluminium [11]

Figure 40: TWI custom built gantry machine [19]

2.5.2 Robotic FSW Machines:

Robots have two main advantages that will eventually make them the preferred solution 

fo r many FSW applications. The first is cost, because they are produced in moderate 

production volumes, their cost is significantly lower than custom built machines. The 

second is increased flexibility which allows for significant production improvements. For 

example, consider a part which requires welds on multiple sides at different locations. A 

robot can produce welds on multiple sides of a part in a single setup. This reduces non- 

value-added material handling applications and can increase production efficiency which 

w ill reduce the net welding costs. However, some robots cannot deliver and support the 

large forces and the required stiffness associated w ith FSW. While some robots that can
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deliver a thrust force of approximately 4.5 kN, this limits their FSW capabilities to 

materials of low thicknesses. It is thought that in the next couple of years, robots will be 

capable of FSW materials of increased thickness with continual developm ent. Figure 41 

shows tw o different robots used for FSW of thin materials at TWl Sheffield.

Parallel kinematic arm

Articulated (serial) arm

Figure 41: FSW Robots at TWl Sheffield [19]

2.5.3 Modified FSW Machines:

An Alternative to the custom built machines is to modify existing machinery. Friction stir 

welding is similar in nature to machining. Therefore a lot of milling machines can be 

modified to accommodate friction stir welding. However, FSW requires more force and 

produces more heat than a typical machining operation and consequently this must be 

considered before modification. Older milling machines tend to be larger and more 

robust than newer ones, thereby making them  more suitable for FSW. Although large 

scale production using FSW is not possible using a modified milling machine, they are 

nevertheless extrem ely efficient for both research work and training. For example. Leal 

and Leitao [28] used a modified milling machine to investigate the effects of shoulder 

geom etry on the FSW of AA5182 and AA6016 sheets. G. Biallas et al [72] also used a 

modified milling to investigate the mechanical properties and corrosion behaviour on 

friction stir welded aluminium 2024-T3 joints. The Machine used in this research project is 

also a modified milling machine, details are given in Section 3.1.

46



2.6 Aluminium 2024-T3:

Alum inium  2 02 4  is one o f the  best known high strength alum in ium  alloys and it also has 

excellent fatigue resistance. Due to  its high strength to  w eigh t ratio , a lum in ium  2024  has 

m any applications w ith in  the  aerospace industries w h ere  w eight saving is essential 

w ith o u t com prom ising strength. In plate fo rm , products are used fo r fuselage structures, 

w ing tension m em bers, shear webs and ribs. Sheet products, usually alclad, are used 

extensively in com m ercial and m ilitary a ircraft fo r fuselage skins, w ing skins and engine  

areas w h ere  elevated  tem p eratu res  to  121°C  are o ften  encountered . It also has 

applications in the  fo llow ing com ponents: A ircraft fittings, gears and shafts, bolts, clock 

parts, com puter parts, couplings, fuse parts, hydraulic valve bodies, missile parts, 

m unitions, nuts, pistons, rectifier parts, w orm  gears, fastening devices, veterinary  and 

orthopaedic equ ip m en t [73].

To strengthen A A 2024, it initially undergoes a T3 solution heat tre a tm e n t, to  put 

the  alloy into a single phase solid solution condition . It m ay be difficult to  reach an 

entire ly  single phase solution, but as much as possible of th e  alloying e lem en t is taken  

into solution w ith o u t m elting  th e  m ixture. This solution is then  quenched to  room  

tem p e ra tu re . At this point som e cold w orking is applied to  the  m ateria l resulting in 

approxim ate ly  1.5 -  3 % strain. This cold w orking increase th e  dislocations density and 

these dislocations provide nucleation points fo r heterogeneous nucleation  o f the  

precipitates, a fte r which natural ageing is a llow ed to  occur. This allows th e  m ixture to  

decom pose into a tw o  phases, a solid m atrix solution and th e  p recip ita te  strengthening  

phase. Since th e  corrosion resistance o f A lum inium  2 02 4  is quite  low , it usually com es in 

Alclad form  w h e re  a thin surface layer o f pure a lum in ium  is applied to  p revent corrosion.

47



2.7 Finite Element Analysis (FEA):
I

The first developments of Finite Element Analysis (FEA) can be traced back to the work by!
i

Alexander Hrennikoff (1941) and Richard Courant (1942). It originated from the need to j 

solve complex elasticity and structural analysis problems in civil and aeronautical | 

engineering. It is a numerical technique for finding approximate solutions of partial | 

differential equations (PDE) as well as integral equations. The solution approach is based | 

either on eliminating the differential equation completely (steady state problems), or 

rendering the PDE into an approximating system of ordinary differential equations, which 

are then numerically integrated using standard techniques such as Euler's method, 

Runge-Kutta etc.

FEA uses a complex system of points called nodes which make a grid called a 

mesh. An example of a meshed car is shown in Figure 42. The mesh is programmed to 

contain the material and structural properties which define how the structure will react 

to  certain loading conditions. Nodes are assigned at a certain density throughout the 

material depending on the anticipated stress levels of a particular area. Regions which will 

sustain large amounts of stress usually have a higher mesh density than those which 

experience little or no stress. Points of interest may consist of: fracture point of 

previously tested material, fillets, corners, complex detail, and high stress areas. The 

mesh acts like a spider web in that from each node, there extends a mesh element to 

each of the adjacent nodes. This web of vectors is w hat carries the material properties to 

the object, creating many elements.

Figure 42; An example of a meshed car using FEA [79]
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The advantages of FEA are numerous and important. A new design concept may 

be modeled to  determine its real world behavior under various load environments, and 

may therefore be refined prior to  the creation of drawings while changes are inexpensive. 

Once a detailed CAD model has been developed, FEA can analyze the design in detail, 

saving tim e and money by reducing the number of prototypes required. An existing 

product which is experiencing a field problem, or is simply being improved, can be 

analyzed quickly with reduced cost. In addition, FEA can be performed on increasingly 

affordable computer workstations and personal computers, and professional assistance is 

available. It is also important to recognize the lim itations of FEA. Commercial software 

packages and the required hardware, which have seen substantial price reductions, still 

require a significant investment. The method can reduce product testing, but cannot 

tota lly replace it. Probably most important, an inexperienced user can deliver incorrect 

answers, upon which expensive decisions will be based. FEA is a demanding tool, in that 

the analyst must be proficient not only in structural mechanics, but also in mathematics, 

computer science, and especially the finite element method itself.

2.7.1 DEFORM 3D:

DEFORM is an engineering software package produced by the Scientific Forming 

Technologies Corporation. DEFORM 2D and 3D are both elasto plastic modeling packages 

capable o f fu ll thermo mechanical modeling. Both packages operate via a graphic user 

interface. DEFORM is based on the finite element method and has been in use in industry 

for two decades. The software package is well suited to modeling the FSW process as it is 

capable of predicting large deformation material flow  and thermal behavior w ith 

precision. The DEFORM system consists of three modules.

(1) Pre Processor: This module is used to define the problem. The general approach is to 

use the pre processor to define the geometry, material properties and boundary 

conditions of the work piece and tooling. Then sequentially simulate each process 

which the workpiece has to undergo. DEFORM simulations can be run either as two 

dimensional (2D) or three dimensional (3D) models. In general, 2D models are 

smaller, easier to set up, and run more quickly than 3D models. 2D simulations can 

usually provide a large percentage of the data a 3D program can w ith a massive saving
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in set up and run times. However in the case of FSW it was fe lt a full 3D analysis was 

required.

(2) Simulation Process: All models used in this thesis employed a rigid-viscoplastic 

material model. The formulation used in DEFORM assumes that the material stress 

increases linearly w ith strain and strain rate until a threshold strain rate is reached, 

referred to as the limiting strain rate. The material deforms plastically beyond the 

lim iting strain rate. The plastic material behaviour of the object is specified with a 

material flow stress function or flow stress data. The basic equations of equilibrium, 

constitutive relations and boundary conditions are converted to nonlinear algebraic 

equations by utilizing the FEM discretisation procedure. The user selects one of two 

solution techniques within DEFORM. All simulations presented in this thesis use direct 

iteration as opposed to the newton raphson method. The Deform manual 

recommends direct iteration for applications that involves large amounts of 

workpiece plastic deformation as it is more likely to  converge than the newton 

raphson method. However, direct iteration is more likely to  require more iterations. 

Simulations time varies depending on the complexity of the problem, for example the 

loading condition and also the size of the mesh. Although an object with finer mesh 

elements will yield a greater quantity of solution data, it will also increase the 

simulation time significantly.

(3) Post Processor: Once the simulation process has been completed, the results can be 

analysed. The post-processor is used for reading the database file from the simulation 

engine and displaying the results graphically, and for extracting numerical data. A 

wide range of options are available to analyze the results in the form of state variables 

which are shown in Figure 43.
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Figure 43: DEFORM 3D state variables in the post processor

2.7.2 Finite Element Modelling of FSW:

In the recent past, numerous attempts have been made to successfully produce a 3 

dimensional model of the friction stir welding process using a range of different 

commercial software. For example, Xu and Deng [81] developed a 3D fin ite element to 

simulate the FSW process w ith a focus on velocity field, material flow  characteristics and 

the equivalent plastic strain distribution. These authors used the commercial FEM code 

ABAQUS and compared their predicted results to experimental data available. They 

observed reasonable correlation between the equivalent plastic strain distribution and 

the distribution of the microstructure zones in the weld.

Ulysse [90] presented a 3D FEM visco-plastic model for FSW of thick aluminium 

plates using the commercial FEM code FIDAP. Ulysse investigated the effect of tool 

speeds on the process parameters. It was found that the higher translational speed leads 

to higher welding force, while increasing the rotational speed has the opposite effect, 

that o f force reduction. Reasonable agreement between the predicted and the measured 

temperature was obtained and the discrepancies were explained as an inadequate 

representation of the constitutive behaviour o f the material for the wide ranges of strain- 

rate, temperatures and strains typically found during FSW. A comparison of the 

experimental and predicted temperatures recorded by Ulysse is shown in Figure 44.
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Figure 44: Predicted FSW temperature compared to experimental temperature, Ulysse i
[90] '

Chen and Kovacevic [82] developed a 3D FEM model to study the thermal history 

and thermo-mechanical phenomena in the butt-welding of aluminium alloy 6061-T6 using 

the commercial FEM code ANSYS. Their model incorporated the mechanical reaction 

between the tool and the weld material. Experiments were conducted and an X-ray 

diffraction technique was used to measure the residual stress in the welded plate. The 

welding tool (i.e. the shoulder and pin) in the FEM model was modelled as the heat 

source, with the nodes moved forward at each computational time step. The predicted 

temperature 10mm from the weldline agreed closely with experimental measured 

temperatures and is shown in Figure 45.
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Figure 45: Predicted FSW temperature compared to experimental temperature, Chen and
Kovacevic [82]

Colegrove and Shercliff used the Computational Fluid Dynamics commercial

software FLUENT for a 2D and 3D numerical investigation on the influence of pin
52
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geometry during FSW [83,84], These authors compared different pin designs in terms of 

material flow  and welding forces on the basis of both a stick and a slip boundary 

condition at the tool-workpiece interface. In spite o f the good obtained results, the 

accuracy of the analysis was limited by the assumption of isothermal conditions.

One of the few authors reporting successful modelling of the FSW process using 

DEFORM 3D is G.Buffa et al [85, 86] who developed a continuum based FEM model based 

on the FSW of AA6082-T6 plates with a thickness of 3mm. These authors validated the 

model by comparing FE results w ith experimental results of temperature distribution. 

Figure 46 shows a comparison of the temperature predicted by the model and those 

recorded from experiments at 8mm from the weld line. Figure 47 shows the flow  stress 

model employed and material constants determined by a numerical regression based on 

the experimental data. This model was used to investigate the distribution of 

temperature and strain in the heat affected zone and the weld nugget. The model 

employed a rigid-viscoplastic temperature and strain rate dependent material model. This 

proposed model was capable of predicting the effect of process parameters on process 

thermo-mechanics, such as the temperature, strain, strain rate as well as material flow 

and forces.
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Figure 46: G. FSW temperature predictions compared to experimental, G.Buffa [85, 86]

K=2.69E10

(sf Where
 ̂ B = 0.1324

C = 0.0192

Figure 47: Flow stress equation used by G. Buffa

a  = KT
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Summary of Literature Review:
1

There are a large num ber of variables that must be considering when implementing the 

FSW process. To date no process specifications or general designs guidelines are available
1

on which tooling geom etry and operational parameters should be employed for specific ; 

workpiece materials and thicknesses. Therefore as a result, even when considering a 

single material, AA2024, with a thickness range between 3 -  6m m there is a large range of 

different tooling designs and operational parameters reported in research papers. 

Another issue with previously published research papers on AA2024 is the lack of
«

inform ation provided on tooling design/geometry, operational parameters and process  ̂

im plem entation. Only a small num ber of papers have been published on the more recent 

TWI tooling designs such as the Mx Triflute pin and the Scrolled shoulder designs. This is 

because TWI tends to keep their most recent/advanced tooling designs and results 

confidential to companies who hold a FSW licence from  TWI.

Flaws associated with fusion welds such as hot and reheat cracking, porosity, lack 

of fusion, slag entrapm ent, undercut, burn-through etc do not occur in FSW. The main 

imperfections associated with FSW are root flaws, inadequate plastic flow and oxide 

entrapm ent.

The majority of FSW industrial applications are perform ed on expensive custom 

build machinery. Robots are the preferred choice; however their lack of stiffness and 

power limits their FSW capabilities to materials of low thickness. A better understanding 

of the forces may help minimise the power and stiffness requirements and along with 

robotic machine improvements may increase the number of possible FSW applications 

using robots.
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In the recent past, numerous attempts have been made to successfully produce 

a 3D model of the FSW process. A number of different software packages have been used 

(ABAQUS, FIDAP, ANSYS, FLUENT and DEFORM) to investigate a number o f different 

aspects such as velocity field, material flov\/, stress and strain distributions, thermal flov^/, 

operational parameters, tooling designs, forces etc. However, the majority of authors 

focus on validating their model by comparing experimental temperatures to those 

predicted by the model alone. A more consistent model would be one that is validated by 

comparing both experimental temperatures and forces generated to  those predicted by 

the FE model.
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Chapter 3 

Research Programme

3.1 FSW Machine:

A Correa F3UE vertical milling machine was modified for use as a FSW rig during this 

project and is shown in Figure 48. Leal [28] and Biallas [72] also used a modified milling ,
I

machine to successfully conduct Friction Stir Welding research. The main Spindle is made ' 

from  a nickel chrome steel, hardened inside and out and mounted in taper roller 

bearings. All gear box components and shafts are manufactured from molybdenum- 

chrome steel. The gears w ere hardened, ground and oversized to transmit full motor 

power. The Feed Box is driven by a separate motor and the driven gears and shafts are 

also made of molybdenum-chrome steel. Twin electromagnetic clutches allow easy feed 

change from  slow to rapid traverse.

Figure 48: Modified milling machined converted to perform FSW at Trinity College Dublin
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Figure 49 and Figure 50 illustrate the different levers used to control and adjust 

the operating parameters. The tool plunge speed could either be controlled manually or 

automatically. An analogue plunge depth indicator was used to control the depth o f tool 

penetration into the workpiece. Automatic plunge rates ranged from 4-250 mm/min. 

However, plunge rates higher than 16 mm/min could not be used during testing due to 

accuracy issues using the analogue plunge depth indicator. Tool plunge depth during FSW 

is crucial to  complete a successful weld, an accuracy of at least 0.1 mm is required. 

Because the plunge depth indicator is an analogue one, when using automated plunge 

speeds the table movement must be stopped manually at the correct position using the 

scaled indicator. Stopping the vertical feed at the correct depth was challenging at high 

plunge speeds due to accuracy issues. However, it was possible to  achieve faster plunge 

speeds by manually controlling the vertical movement of the table using a lever whilst still 

achieving an acceptable degree of accuracy. The translational speed was controlled 

through an automatic feed table. During testing, the tool remains in a fixed position while 

the table moves the workpiece. Translational speed ranging from 11.2-710 mm/min could 

be chosen. The rotational speed of the tool was controlled through a reduction gear box 

at the side o ff the spindle head. Rotational speeds ranging from 28-1400 rpm could be 

selected. The head of the milling machine could also be adjusted and set for different tool 

tilt angles.

Translational 
Speed Control Plunge Depth 

Indicator

Manual Plunge 
"Rate Control

Automated 
Plunge Rate 

Control

Figure 49: Plunge Rate and Translation Speed Control
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T

Rotational Speed 
Adjustment

Figure 50: Rotational speed and tool tilt angle adjustment 

3.2 FSW Rig:

FSW is a process that generates high forces. Therefore it is necessary to ensure that the 

workpiece plates are rigidly restrained with an appropriate rig prior to welding. The forces 

acting on the workpiece are shown in green in Figure 51. The workpiece must be fixed 

appropriately to prevent movement during welding. A large base plate was attached to 

the milling machine table to secure all clamping and the base plate. Figure 52 illustrates 

the clamping necessary to secure the workpiece. End stops are used to prevent 

movement due to the welding force. During the plunge stage, the tool pin will try and 

separate the joint configuration leaving a gap between the two workpiece plates. The 

presence of a gap due to separation of the workpiece plates is a common problem. Gaps 

may form due to improper clamping or due to imprecision when cutting the plates to the 

appropriate size. The presence of a gap may result in a tunnel defect and reduce the 

mechanical properties of the finished weld. The side clamps prevent this gap occurring 

and also prevent rotation of the workpiece plates due to torque. A backing plate is placed 

beneath the workpiece to prevent the workpiece from moving vertical downwards due to 

the vertical force generated and damaging the base plate. The shoulder is the primary 

source of heat generation (refer to section 4.3.3 pg 95 for further information) but its 

affect decreases along the thickness of the workpiece. This may result in higher thermal 

stresses on the top surface of the weld compared to the weld root and may cause (along 

with the high vertical forces, refer to section 4.4.1 for further information) distortion of

Tool Tilt 
Adjustnnent
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the workpiece with the outer edges rising to form a V-shape during welding. To prevent 

this distortion of the workpiece, vertical clamps with M IO  bolts w ere used to prevent 

m ovem ent of the workpiece in the vertical direction. Detail drawings of all the FSW rig 

components are shown in section 7.1 pg 201.

Tool/Machine 
Rotational Torque

Welding Force on 

Tool/Machine

Side Force on 

Workpiece

Torque on Workpiece

Vertical Force on 

Tool/Machine

Welding Force on 

Workpiece

Torque on Workpiece

Side Force on 

Workpiece

Vertical Force on 
Workpiece

Figure 51: Forces generated during the FSW process

Vertical Clamp

Side Clamps

Figure 52: Workpiece and clamping set up
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3.3 FSW Tooling:

Throughout this research all tools were fabricated from AISI H13 steel. The advantages of I 

using H13 tool steel are that it is abundant, easily machined, has a low cost and has 

established characteristics. AISI H13 is a chromium-molybdenum hot-worked air 

hardened steel. It is known for good elevated temperature strength, thermal fatigue 

resistance and wear resistance [21]. The chemical composition of H13 is outlined in Table 

8. In addition, once the FSW tool parts where manufactured, the tool parts underwent a 

heat treatm ent process to improve their strength at elevated temperatures.

Heat treatm ent involved the following stages:

•  Vacuum Furnace, 15 minute cycle to 750°C, hold for 20 minutes

•  Vacuum Furnace, 15 minute cycle to 950°C, hold for 20 minutes

•  Vacuum Furnace, 15 minute cycle to 1030°C, hold for 40 minutes

•  Quench with nitrogen gas at 4 bar

•  Two tempers at 580“C for 120 minutes

•  Air cool to room temperature after each temper

•  Final hardness of 50 Rockwell

Element Weight %

[ron (Fe) 88.79-91 .42

Carbon (C) 0-32-0.45

Manganese 0.20-050

Silicon (Si) 0.80-1.20

Chroniium (Cr) 4.75-530

Nitrogen (Ni) 0-3

Molybdenum (Mo) 1.10-1.75

Vanadium (V) 0.80-1.20

Copper(Cu) 0-25

Phosphorous(P) 0.03

Sulphur (S) 0-03

Table 8: Composition of H13 Tool Steels [21]
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3.3.1 Traditional FSW Tooling:

Traditional FSW tooling consists of a long one piece structure machined from round bar 

stock. A long tool shaft is required to fix the tool into the chuck of the machine and to  

provide stability during welding. However, the critical features of the tool (shoulder and 

pin) are located at the bottom of the tool and represent a small proportion of the overall 

structure as illustrated in Figure 53. Although H13 is relatively cheap, there are still 

significant costs with manufacturing and subsequent heat treatm ent. Heat treatm ent is 

required when using H13 for FSW purposes; the cost is calculated through the weight of 

volume of the material and therefore adds significantly to the cost. At present there are 

no suppliers within Ireland and therefore all tools must be order through UK companies 

or machined in house.

Pin or Probe 

Figure 53: Traditional FSW Tool

¥

Shoulder

3.3.2 Design of New Cost Effective Tools:

One of the objectives of the project was to evaluate the effect of different pin and 

shoulder geom etry designs on the FSW process. To keep costs to a minimum, a new  

three-piece tool was designed, manufactured and tested within the university. The tool 

components are shown in Figure 54. This design consisted of a tool holder shaft, 

fabricated from  low cost mild steel which is inserted into the spindle of the milling 

machine. The project focused mainly on tw o different shoulder designs both 18mm  

diam eter: a concave shoulder and a scrolled shoulder were developed and these are
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shown in Figure 55. However other shoulder designs w ere developed during preliminarY 

testing to optimise the scrolled design and also investigate the effect of shoulder; 

diam eter. A number of different pin designs were also tested; these are shown in Figure 

56 (Triflute, Square, Cylindrical and Tapered Cylindrical). Each pin had a diam eter of 7mm 

and was manufactured from H13 tool steel. All tools w ere manufactured from H IS  tool 

steel and finally heat treated to a hardness of 50 Hrc. All tool parts w ere designed and 

manufactured within the departm ent except the complex triflu te design which was 

purchased from  The W elding Institute UK. The project focused on more recent tooling 

developments such as the scrolled shoulder and triflute pin due to the lack of published 

research papers on these particular tooling designs. The performance of this tooling 

arrangem ent was also compared to more traditional tooling designs such as the concave 

shoulder and basic tool pin shapes. Detailed drawing of all tool parts can be seen in 

section 7.2 pg 203.

Tool Holder Tool Shoulder jool Pin

Figure 54: 3-Piece Tool Design

Concave Scrolled

Figure 55: Concave and scrolled shoulder design

62



MxTrifiute Square Cylindrical Tapered

Figure 56: Pin Designs

The 3-piece tool design has significant advantages over traditional FSW tools:

•  Traditional tools consist of a shoulder and pin machined as one large single unit. If 

e ither the  shoulder or pin fails due to  fracture or v^/ear, the  entire  tool must be 

scraped and replaced. Consequently using a 3 piece designs enables parts o f  the  

tool to  be interchanged easily.

•  Using the traditional m ethod  of m anufacturing tools for this research (2 shoulder  

designs and 4 pin designs), a m in im um  of 8 tools would have had to  be machined  

and heat trea ted . Using a 3-piece design, only 2 shoulders and 4 pins w ere  

required. This reduced costs of material, machining and heat t rea tm en t .

•  Using this new  design it was possible to m anufacture  the  shoulder and pin from  

different materials thereby  enabling a hybrid tooling design if required.

•  The shoulder insert contains a control rod (Figure 57) along its centre  to adjust the  

height of the  tool pin to  allow the welding of d iffe rent m ateria l thicknesses.
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Control Rod

i

Figure 57: Control Rod

3.3.3 Scrolled Should Design:

Initially tw o  types of scrolled shoulder designs w ere tested and these are shown Figure 

58. The depressed scroll design had the scrolled feature machined into the shoulder to a 

depth of 1mm and the raised shoulder had the area around the shoulder machined away 

so the scrolled feature stepped down 1mm in height from  the shoulder base. Both 

designs w ere tested to see if welding with a zero tilt angle was possible. The raised scroll 

design was capable of producing a consolidated well with a zero tilt angle. However the 

depressed scroll produced a surface tunnel void during welding. The purpose of the 

scrolled shoulder is to continuously transport and direct deformed material from the 

outer edge of the shoulder towards the pin. The depressed scroll shoulder did not 

transport sufficient deformed material during welding and hence a tunnel surface void 

occurred. This was also the case when a double depressed scroll was used to increase the 

am ount of material flow  as shown in Figure 58. Using a 2 ” tool tilt angle, a consolidated 

weld was produced using the depressed scroll design. However, unlike a concave 

shoulder this design did not have a cavity which acts as a reservoir for the deformed 

workpiece material when welding with a tilt angle and hence welding produced a surface 

finish w ith poor quality.
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Depressed Scroll Raised Scroll

Figure 58: D ifferent scrolled shoulder designs

Figure 59: Bad surface finish from  scrolled design A w ith  2° t i l t  angle
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3.4 Workpiece Material:

The workpiece material chosen for this project was rolled Aluminium 2024-T3 with a [ 

thickness of 4.82mm. The plates were cut to the required size using a band saw and the |
I

dimensions of each workpiece plate can be seen in Figure 60. The composition of the 

materials is outlined in Table 9 and some of the relevant mechanical and physical 

properties the workpiece material is presented in Table 10.

--------------------------------------------------------------------------------------------------  T
80.00

___________________________________________________________  L

  260.00  ^

>-4.82

Figure 60: Aluminium 2024-T3 workpiece plate dimensions

Element % by Weight

Aluminium (A!) 90.7-94.7

Chromium (Cr) Max 0.1

Copper (Cu) 3.8-4.9

Iron (Fe) Max 0.5

Magnesium (Mg) 1.2-1.8

Silicon (Si) Max 0.5

Titanium (Tt) Max 0.15

Zinc (2n) Max 0.25

Other total Max 0.15

Table 9: Composition of Aluminium 2024-T3 [77]
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Properties Units Aluminium 2024-T3

Tensile Strength MPa 427

Elongation % 10-15

Vickers Hardness VHN 130

Density kg/m3 2770

melting Point ■c 502-638

Electrical Resistivity 0.m 5.82E-06

Thermal Conductivity w/m,K 121

Younĝ s Modulus MPa 73

Table 10: Mechanical and Physical Material Properties [76]

3.5 Research Instrumentation and Process M easurem ent:

3.5.1 Force Monitoring:

A rotating 4-component dynamometer RCD manufactured by Kistler was incorporated 

onto the welding rid to record the forces acting on both the FSW tool and Machine. The 

dynamometer connected directly into the spindle of the milling machine and contained a 

holder for the FSW tool. The dynamometer was capable of measuring the torque and 

forces in the X, Y, and Z directions. The ranges for the threshold forces are illustrated in

Fx -15 k N - 15 kN

Fy -15 kN -  15 kN

Fz -30kN-30kN

M z -1100 N .m - 1100 N.m

Table 11. The forces were measured suing piezo-electric crystals, the signals from which 

are continuously sampled at a rate of 7.8 kHz fo r each channel, and are processed 

through the Kistler 9124B multi-channel signal conditioner. The signal conditioner was 

connected to a PC and the output was recorded on a Microsoft Excel sheet through a 

LabView interface at a rate of lOHz in order to reduce the amount of data collected.
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Fx -15 kN -15  kN

Fy -15 kN -15  kN

Fz -30 kN -30kN

M z -1100 N.m-1100 N.m

Table 11: Dynamometer force monitoring capability

Figure 61: Kistler Dynamometer

3.5.2 Temperature Monitoring:

Type K insulated thermocouples with 310 stainless sheet probes of length 150mm and 

1.5mm diameter were used to record the temperature at specific locations during the 

FSW process. These thermocouple were chosen due to their high operating temperature 

range from 0°C to +1260“c and accuracy. The thermocouples were also very rugged, 

flexible and particularly suitable for high vibration and pressure applications. High 

conductive thermal glue was also used to ensure the ends of the thermocouple remained 

in contact with the workpiece. Holes 1.6mm in diameter were drilled to a depth of 4mm 

from the surface of each plate to accommodate the thermocouples. It was important to 

ensure that the thermocouples were at a sufficient distance from the tool pin to prevent 

the thermocouple being damaged during the welding process. Therefore, each hole was
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machined 15mm from the weld centre line. Figure 62 shows the location of the 

therm ocouple holes.

22 . 500'

130

227,500 ...............  .....

Figure 62: Workpiece plate with 13 thermocouple holes

An infrared camera FLIR P20 shown in Figure 63 was also used to m onitor the 

tem perature during FSW testing and the product specifications are shown in Table 12. 

Exact tem perature measurem ent using this equipm ent was difficult due to emissivity 

values associated with the aluminium workpiece. The workpiece plates were highly 

polished and hence heat from the surroundings was reflected from  the surface and 

picked up on the camera. Another issue was determining the emissivity values and 

differences between the polished surface of the workpiece and the roughed surface left 

behind due to  welding. Also, during welding the vertical clamps were not used to achieve 

a better overview of therm al flow, this resulted in slight distortion of the workpiece. 

However, the camera was possible of predicting approximate tem perature and relative 

thermal flow through the workpiece plates, tooling and rig.
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Figure 63: Infrared cannera

Product Specifications

System Type Focal Plain A rray

Spectral Range Long W ave
Detector 320 X240

Detector Matenal M icrobo lom e te r
Measurement Accuracy - f / -  2 Degrees C

Measurement Range -40 to  500 C
With Filter 500 C

Field View 24 X 18 Degrees
Cooling Uncooled

Spatial Resolution Lens Dependent
Thermal Sensitivity <0 .10  a t 30 Degrees C

Detector Refresh Rate 60 Hz
Dynamic Range 14 Bit

Emmtsstvity Adjustn>ent .01*1.00
Palettes M ultip le

Display Typ« LCD and Eye Piece
Image Storage Capacity 1000+ Im ages Per Card

Storage Medium PCMCIA
Operating Temperature -20  to  55C

Camera Weight <  5.0 Lbs
Camera Size 8 X 6 X 4

Focus Distance 12 Inches to  In fin ity
Video Output 60 Hz NTSC

Power Supply B a tte ry  o r AC
Vofce Annotation Yes

. . . . .  Lenses, PCMCIA Cards, Software,Aval able Accessories „  ^  . '  'B a tte ries

Table 12: Infrared cam era FLIR P20 product specifications [80]
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3.6 Post Weld Analysis:

Post weld analysis consisted of three different procedures: tensile testing, Vickers 

microhardness testing and macro/microstructure analysis. A fter welding, each plate was 

sectioned to  provide sufficient samples for the three different procedures.

3.6.1 Tensile Testing:

The tensile test pieces cut from the welded plates were in itially examined for the 

presence of flaws and then tested using an Instron 8801. Four tensile test pieces were cut 

*'rom each weld to British Standard (BSEN 10002-1:2001) as illustrated in Figure 64. Each 

of the test pieces was mounted in the Instron and loaded at a strain rate of 1 mm/min. 

Once each specimen fractured, the test data was plotted as a stress-strain graph and the 

jitim a te  tensile strength and fracture stress of the specimen was calculated.

lo
CM

t

23.752

 _ 160 _

Figure 64: Dimensions of tensile test specimen according to  British Standards

71



Figure 65: Instron 8801 used for tensile testing

3.6.2 Vickers Micro Hardness Testing;

One cross sectional sample perpendicular to  the  weld direction was cut from each weld 

for microhardness testing. This sample was polished so th a t  th e  indentation left by the 

indenter  could be easily viewed under  a microscope. Once th e  samples had been polished 

they  underw en t  a Vickers microhardness tes t  using a Mitutoyo MVK-Hl microhardness 

machine. Hardness te s ts  w ere  performed 1 mm apart,  starting at th e  weld centre and 

moving either  side until th e  unaffected base material was reached. This method was 

employed as it provided an accurate  picture of the  hardness variation across each of the 

zones within th e  weld (TMAZ, HAZ and Base material).

KEEP
THIS AREA 

fclEAN .

Figure 66: Mitutoyo micro hardness testing equ ipm ent
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3.6.3 Macrostructure and Microstructure Analysis:

One cross sectional sample perpendicular to  the weld direction was cut from each weld 

fo r macro/m icro-structural analysis. The samples were prepared for metallographic 

analysis using standard metallographic procedures. To remove all the tool marks left by 

the machining process the sample was first mounted in resin using a Metaserv mounting 

rig as shown in Figure 67 and then progressively polished w ith finer abrasives (10|i - l| i)  

until all tooling marks and scratches were removed.

Figure 67: Metaserv mounting press

To reveal the different weld zones, samples were etched using Keller's reagent. 

The solution was made up from 150 ml of water, 3 ml of nitric acid, 6 ml hydrochloric acid 

and 6 ml o f hydrofluoric acid. Once all the samples had been successfully etched, their 

microstructure was viewed with a Leica S6D optical microscope which had an optical 

zoom up to lOOOx magnification.
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3.7 Finite Element Model:

The finite element package DEFORM 3D V5.1 was used to produce a finite element model 

of the friction stir welding process. To validate the model, temperatures and forces 

predicted by the model where compared to experimental results. The FEA simulations 

were divided into two stages, tool plunge and tool translation. One of the unique features 

of this model was the representation of the two abutting aluminium sheets as one 

continuous block rather than as two separate objects. This method avoided numerical 

contact instabilities that resulted from the discontinuities present at the edge of the two 

sheets and caused the simulations to fail. The rotating tool moves forward and welds a 

crack left behind the pin as it advances along the welding line. This model prevented 

numerical instabilities which resulted in voids, mesh distortion and subsequent program 

stoppage.

3.7.1 Workpiece Material:

The Aluminium 2024 workpiece was modelled as a viscoplastic object. An 

absolute mesh density was chosen with tetrahedral elements approximately 5mm in 

length to mesh the workpiece. However, mesh windows with elements 1mm in length 

were used to concentrate mesh density around the vicinity of tool pin and shoulder 

contact. These are locations where high stress and strains are expected and therefore a 

finer mesh was employed in these regions as shown in Figure 68. Mesh windows were set 

to follow the tool path during tool translation thereby ensuring they remain active 

throughout the welding process. Weighting factors were used to aid correct remeshing of 

the workpiece which was set to every 5 steps to maintain mesh integrity. However, 

frequent remeshing increased computational time significantly. The length and width of 

the workpiece was reduced in size (160 x 80 mm) to that of experimentally welded plate 

to help reduce computational and remeshing times. Mechanical properties of AA2024-T3 

alclad shown in Table 10 pg67 were inserted into the model. Contact conditions were 

added to the model using the inter object tool in the pre processor. A shear friction factor 

of 0.61 is recommended between aluminium and steel [22] and was implemented into 

the model. Also an interface heat transfer coefficient of 11 N /s/m m /C  was used during all 

simulations [87].
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Figure 68: Meshed aluminium 2024-T3 workpiece

One of the major issues associated w ith the model was describing the flow stress 

of the workpiece material. This was critical as the temperatures and stresses resulting 

from the FSW process are determined from  the chosen flow  stress equation. Initially 

three different flow  stress equation were investigated and are shown in Figure 69. These 

include the Sellers-Tegart law [98], Johnson Cook material law [99] and an empirical 

equation adopted by Fratini [87]. The equation developed by the Johnson Cook law gave 

the best representation of the FSW process, where cr_ is the yield stress, F the effective

plastic strain, £ the effective plastic strain rate, Fothe normalizing strain rate (typically 

1.0 s'^) and A, B, C, n, Tmeit; Tref and m are m aterial/test constants. The resulting flow 

stress curves are illustrated in Figure 70. An important feature of the flow  stress model is 

the reduction o f stress w ith increasing temperature.

S e lla rs -T e g a rtla w  Johnson Cook M a te r ia l Law Fratini

A  =■ 0.016 A =  369 

5 = 6 8 -1  

« = 0 .7 3

K  = 2.69£10  

.■1 = -3 .3 1 5 5  

5  = 0.1324 

C  = 0,0192

a  = 0.085

A / /  » 148880
C  = 0.0083

« = 4.27

R = 8.314

Figure 69: Different flow  stress equations



Figure 70: Johnson Cook Flow stress curves

3.7.2 Tooling and Clamping:

No boundary conditions or constrains were placed on the nodes of the workpiece so as 

not to impede any material flow. Therefore a box die was used shown in Figure 71 to 

house the workpiece and simulate the experimental clamps. In most operations the box 

was assigned the material properties of mild steel (AISI 1015), meshed with tetrahedral 

elements 5mm in length and given the same thickness as the backing plate and clamps in 

order to model thermal flow throughout the clamping arrangement. However, this 

increased the computational time significantly and hence in some instances, the box was 

modelled as a rigid object with no mesh.

Figure 71: Box used to clamp the workpiece

The assumption of the box as a solid rigid object assumes that there is no 

deflection of the mild steel side and end stop clamps (Figure 52). S-beam load cells were
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used to  measure the forces acting on the clamps during experim ental testing as 

illustra ted in Figure 72. The largest force (4-5 kN) was found to  act on the side clamps. 

Figure 73 illustrates a schematic o f the forces acting on the side clamps. The stress acting 

on the clamp can be calculated theore tica lly  to  be 4.14 MPa hence the associated strain 

can be calculated to  be approxim ately to  be 0.00198 %. This corresponds to  a deflection 

o f 0.000396mm along the w id th  direction. Hence the assumption o f the FEM box as a 

solid rigid object is reasonable as there is no significant deflection o f the clamps during 

experim ental testing.

Figure 72: S-beam loads cells used to  record the clamping forces

AISI1015 steel Side Clamp 
E=210GPa 

Oy=284.4 MPa

4.82 mm

20 mm
Fp=5kN

Force acting on side 250 mm
clamps dueto  plate 

seperation

Figure 73: Schematic o f the force acting on the side clamps

The too l designs discussed in section 3.3 where modelled using SolidW orks 2010 

and im ported in to DEFORM 3D as STL files. Samples o f some o f the tools m odelled are
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illustrated in Figure 74. Detailed drawing of the triflute pin was not available as it was 

purchased commercially from TW l. Therefore a threaded pin was used to represent the 

triflu te pin. In some operations the tool was modelled as a rigid object, this assumption is 

reasonable as the yield strength of aluminium is significantly lower than the yield strength 

of H13 tool steel. Only the tool pin and shoulder geometries and not the parent holder 

were incorporated into the model to help reduce computational and remeshing time. In 

most operations the tool was assigned the material properties of AiSI H13 tool steel, 

meshed with tetrahedral elements 0.4m m  in length in order to model the thermal flow, 

stresses and strains occurring. Again, this increased the computational tim e significantly 

and hence in some instances, the tool was modelled as a rigid object with no mesh or 

material properties.

Concave Shoulder. Cylindrical Pin Concave Shoulder, Threaded Pin

Scrolled Shoulder, Square Pin Scrolled Shoulder, Threaded Pin

Figure 74: Cylindrical tool FE model

Note that Deform does not allow modeling of the tool as anything other than a

homogenous single material entity. However, during experimental testing a three piece

tooling system was used. The assumption of the tool as a single entity is reasonable as

there is minimal insignificant deflection at the tw o extra interfaces. This is due to two

reasons; firstly, a small sliding fit tolerance of 0.05m m  was used for both interfaces and

secondly, only a small percentage of shoulder (25%) and pin (17%) w ere exposed outside

the parent tool holder and shoulder respectively. Figure 75 illustrates a schematic of the

maximum deflection possible at both interfaces. Using simple trigonom etry, a  can be

calculated as .095° and the deflection of the shoulder (Ds) to  be 0.066m m . Similar for the

pin, 0 can be calculated as 0 .13“ and deflection of the pin (Dp) to  be 0.06 mm. Hence the
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deflection at both interfaces is extremely small and insignificant. However, using a dial 

gauge and applying a force of 5 kN (average welding force recorded) to the tool, the 

deflection was measured experimentally and found to be lower than the theoretical value 

and equal to approximately 0.03 -  0.04 mm combined over both interfaces.

Clearance
D iam ete r

m m

0.05
mm

m m

Ds - d efec tio n  

o f sh o u ld er

S hou lder 

ins ide p are n t 

h o ld er

S hou lder

h o ld er

i

/e
C learance / 22

D ia m e te r / m m

/o .05
/  mm

r

i

4 .6
m m

1 f

(A)

Dp - d e fec tio n  

o f pin

(B)

Pin inside  

sh o u ld er  

h o ld er

Pin o u ts id e  

sh o u ld er  

h o ld er

Figure 75: Deflection of the tool at interface between (A) parent holder and shoulder and
(B) shoulder and pin
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Chapter 4 

Results and Discussion

4.1 Process Specifications on Plunge Depth and Pin Length:

Once all FSW tooling was manufactured and the necessary heat treatm ent applied, the 

next stage was to develop process specification on the optimal shoulder plunge depth I 

and optimal pin length. The aim was to achieve a fully consolidated weld throughout the
I

thickness of the material, achieve a smooth surface finish and avoid any visual defects; a 

weld exhibiting these properties can be seen in Figure 76.

Figure 76: Smooth surface finish with no surface defects

4.1.1 Plunge Depth:

The plunge depth refers to the depth that the shoulder is immersed into the workpiece 

surface during welding. When using a 1mm scrolled shoulder an optimal plunge depth 

was reached when the shoulder was plunged 0.3 -  0.5mm into the workpiece surface. 

When using a concave shoulder an optimal plunge depth was reached when 70 -  80% of 

the shoulder is in contact with the workpiece surface, a schematic is shown in Figure 77.
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» 0.8 D,

Figure 77: Plunge depth for a concave shoulder w ith 80% of the shoulder contact w ith the
workpiece

Insufficient plunge depths produced welds w ith visible cracking and/or surface 

voids along the top surface, an example is shown in Figure 78. This occurs due to low 

contact pressure between the tool shoulder and workpiece surface. This shoulder contact 

is necessary for the forging action of the shoulder to compact and direct the workpiece 

material towards the tool pin to produce a consolidated weld. The lower contact pressure 

also results in insufficient frictional forces between the tool and work piece and as a 

consequence, weld temperatures fail to reach sufficiently high levels to soften the 

workpiece material which is necessary to produce a consolidated weld. The tool shoulder, 

as well as producing frictional heating, is also used for bulk transport of material forwards 

during the weld process. Consequently sufficient contact pressure must be maintained 

between the tool shoulder and the workpiece surface to drive any material displaced by 

the tool pin back into the weld cavity ensuring a consolidated weld.

Figure 78: Surface defect due to an insufficient plunge depth
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Excessive plunge depths were found to produce excess flash and higher 

tool/machine forces. This was attributed to the large contact pressure resulting in the 

tool shoulder acting like a milling tool, removing material from the top surface of the joint 

and applying more pressure on the workpiece surface. A weld made using an excessive 

plunge depth is shown in Figure 79. Excessive contact pressure also results in increased 

frictional forces between the shoulder and the workpiece, which results in high 

temperatures in the weld region, with the risk of localized melting. High stresses were 

also induced in the surrounding structure due to higher tool loading. The surface of the 

welded joint is left very rough with flaking due to localized melting on the top surface of 

the joint.

Flaking Due 
Localized Melting

Figure 79: Excess flash generation and flaking due to an excessive plunge depth 

4.1.2 Pin Length;

An optimal pin length was found when a clearance distance of between 0.1 -  0.2 mm was 

maintained between the tip of the pin and the root of the weld during FSW. Pin lengths 

with a clearance distance greater than 0.2mm resulted in the formation of 

unconsolidated welds throughout the thickness of the workpiece (root flaw) which can be 

detrimental to the weld quality. The strength of the weld was found to decrease 

significantly with increasing clearance distances due to the occurrence of these root 

flaws. Also the bottom surface of the weld is more vulnerable to corrosion as the joint 

line is still visible. Further details on root flaws are provided in Section 2.4.1. Pin lengths 

with a clearance distance less than 0.1mm increased the risk of the tip of the tool pin 

striking the backing plate beneath the workpiece material. This can cause serious damage
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to the tool resulting in tool fracture and may also cause the workpiece plates to weld 

onto the backing plate.

incomplete wehl thioiiijlioiit Thickness

Figure 80: Example of a root flaw due to insufficient pin length
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4.2 Range of Operational Parameters and Tooling Designs:

A test matrix was developed to vary the operational parameters of both rotational speed 

and translational speed and is shown in Table 13. The choice of these values was based 

on a combination of random trials conducted using various settings, on FSW process 

parameters recommendations from the work of previous authors, and on the limitations 

of the convert FSW milling machine. To determ ine the optimal operating parameters, 42 

welds w ere fabricated using the most recent tooling developments which consisted of a 

scrolled shoulder with a triflute pin. This tooling arrangem ent was chosen due to the lack 

of published research papers on these particular tooling designs (see section 2.1 for 

further details). Tem peratures and forces generated during welding were recorded and 

each weld was sectioned for post weld analysis. During testing, the following parameters 

w ere kept constant:

•  Plunge rate at 16m m /m in

•  Dwell tim e of 8 seconds

•  Plunge shoulder depth of 0.5m m

•  Pin length from  the top surface of the scrolled feature was 4.1m m  to maintain a 

0.2m m  clearance distance between the tip of the pin and the root of the weld.

•  Because a scrolled shoulder was chosen, it was possible to weld with a zero 

degree tool tilt angle.

I  900 ♦ | » | » | » | # | » | »
700 ♦ _________ • _______ • _______ # ________# ________# _______ »

I  560 »  ^  •  •  0 m ~ m #
450 » _________• _______ • _______ • ________• ________# _______ #

I  355 • ________# _______ • _______ # ________# _______ • ________»
I  280 • [ # [ » | »  | » | # | »

63 90 125 180 250 355 500

Translational Speed [mm/min]

Table 13: M atrix of Operating Parameters to determ ine the effect of rotational and
translational speed
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The next stage consisted of optimising tooling design by investigating the effects 

of tool shoulder and pin designs on the FSW process. This was achieved by fabricating 

welds using a combination of either a scrolled shoulder or concave shoulder w ith the 4 

different pin designs at two sets of constant operational parameters. These operational 

parameters were chosen based on the high weld strength achieved during testing of the

matrix o f operational parameters. As before, temperatures and forces generated 

during welding were recorded and each weld was sectioned for post weld analysis. During 

testing w ith the concave shoulder, the following parameters were kept constant:

•  Plunge rate at 16mm/min

•  Dwell time 8 second

•  When using the concave shoulder, the shoulder was plunged until 80% of its

diameter remained in contact w ith the workpiece surface.

•  Pin height from shoulder base was 4.35 to maintain a 0.2mm clearance distance

between the tip of the pin and the root of the weld.

•  Tool t ilt  angle of 2°

C
Qp

QJQ
QJ
]D
3
o
x:

o
o

Scrolled

Concave

Square T riflu te Cylindrical Tapered

Tool Pin Design

Table 14: Matrix to evaluate the effect of tooling design
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4.3 Heat Generation & Temperature Measurement:

Heat generation in FSW is necessary to  soften the  workpiece material for the  subsequent 

stirring and extrusion/forging process to  achieve a consolidated weld. The am ount  of heat 

conducted into the  workpiece determ ines  the  quality of the  weld, residua! stress and 

distortion of th e  workpiece. This softening of the  workpiece also reduces the  loads acting 

on the  tool and th e  welding machinery. Depending on the  choice of tool material, the 

am oun t  of hea t  th a t  flows to  th e  tool can also dictate th e  life of the  tool and the 

capability of the  tool for th e  FSW process. Heat is genera ted  through a combination of 

friction and plastic flow during deformation of the  workpiece material.  The magnitude of 

hea t  generation is influenced by the  operational parameters ,  therm al conductivity of the 

workpiece; material thickness; tool geom etry  and th e  backing plate. Figure 81 shows a 

schematic of th e  hea t  generation and flow during the  FSW process.

Tool
Material

Conduction 
Into Tool

Heat Generation 
Under Shoulder

/— Heat Generation 
In Weld Nugget

Heat Generation 
On Probe Surface

■■ ■■■ ■;

Backing Plate 
Material

Conduction Into 
Backing Plate

Figure 81: Heat generation and flow during FSW

As m entioned  in section 3.5.2, type K therm ocouples  w ere  inserted and glued 

into the  aluminium plates to  measure  tem pera tu res  genera ted  during the  process. The 

layout and labelling of therm ocouple  holes on each plate can be seen in Figure 82. One 

error  associated with te m p e ra tu re  m easu rem en t  was th e  location of the  tool on the  weld 

line. If the  tool is not exactly positioned on the  joint centre  line, more of the  tool shoulder 

(which genera tes  th e  majority of the  heat,  see section 4.3.3) will act on one  side of the 

joint line than  ano ther  and therefore  more heat  generation will appea r  to  occur more 

prominently on one  side (*advancing or *retreating) than  the  other.  A similar issue arises
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if the edges of the plates are not perfectly square; the tool will traverse slightly more to 

one side of the joint. To prevent such errors, the average tem perature for corresponding 

thermocouples on both the advancing and retreating sides were taken.

*Advancing Side: Plate or side of the weld where the tool rotation direction is the same as 

the tool travel direction

*Retreating Side; Plate or side of the weld where the tool rotation direction is opposite to 

the tool travel direction

T3

T8T7T5

T9 T10 T11 T12

22.500

i95

237.500

Figure 82: Thermocouple position, layout and labelling

Typical tem perature measurements recorded at locations close to the joint line 

(TO -  T4) are illustrated in Figure 83. Peak tem peratures from each therm ocouple were  

recorded when the tool traverses across its location. Thermocouples T l ,  T2 and T3 

recorded similar steady state tem peratures of approximately 225°C for these particular 

parameters. Jariyaboon et al [57] recorded a similar tem perature of approximately 250°C  

at a similar distance from the weldline during the FSW of AA2024-T351. These authors 

implemented a lower welding speed of 154 m m /m in which may explain the higher 

tem peratures recorded (see section 4.3.1.1 for further details).
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Thermocouples TO and T4 recorded significantly higher temperatures 

(approximately 275"C) than  Tl,  T2 and T3. TO is located at  the  tool entry site. As 

mentioned  in section 4.1, th e  tool was plunged into the  workpiece at  a speed of 

16m m /m in  to  a shoulder plunge dep th  of 0.5mm. This plunge process takes 17.5s to 

complete  plus an additional 8s during the  dwell stage. During both these  stages, the tool 

remains at close proximity to  TO which explains the  large increases in temperature 

m easurem ents .  Evidence for this can be seen  by noting the  large increase in temperature, 

approximately 100“C during th e  dwell phase. The excess hea t  genera ted  during the  dwell 

stage is necessary to  soften th e  workpiece material before the  tool begins to traverse, , 

the reby  reducing the  risk of tool fracture. A similar explanation can explain the  increase in 

te m p e ra tu re  at  T4. The tool extraction point is located at T4 and the  modified milling 

machine requires th e  tool to  be extracted manually using th e  manual plunge rate control 

(see Figure 49 pg57). The t im e taken to  stop the  tool from traversing and to  fully extract 

th e  tool from the  workpiece accounts for this extra increase in te m p e ra tu re  recorded at 

T4. Thermocouples Tl,  T2 and T3 provide a be t te r  representa t ion  of the  temperature 

occurring during th e  actual welding of the  plates.
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Figure 83; Tem perature  m easu rem en t  TO -  T4
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4.3.1 Effect of Operational Parameters:

4.3.1.1 Translational Speed Effect:

A sample of the temperature results recorded for the various translational speeds 

employed during testing is presented in Figure 84. The effect of increasing translational 

speeds on heat generation for a fixed rotational speed of 355 Rpm is illustrated. The 

average temperature recorded across T l, T2 and T3 were taken. For all experimental tests 

it was concluded that regardless of the rotational speed, increasing the translational 

speed was accompanied w ith a decrease in the temperature recorded. For example, 

increasing the translational speed from 90mm/min to  500 m m/m in resulted in a 

temperature decrease of approximately 112°C. As mentioned previously, heat is 

generated through a combination of friction and plastic deformation of the workpiece 

material. Increasing the translational speed will reduce the amount of time available for 

the heat generation process to occur and hence lower temperatures were recorded. 

Similar results were recorded by J. Chao [74] during the FSW of 8.1mm thick AA2195 

plates and M. Jariyaboon [57] during the FSW of 6.35mm thick AA2024-T351 plates.
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84: Average temperature measurements across T l, T2 and T3 w ith increasing
translational speed
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4.3.1.2 Effect of Rotational Speed:

A sample of the temperature results recorded for various rotational speeds during testing 

is shown in Figure 85. The effect of increasing rotational speed on heat generation fora 

fixed translational speed of 90 mm/min is illustrated. The average temperatures recorded 

across thermocouples T l,  12 and T3 were taken. For all experimental tests it was 

concluded that regardless of the translational speed, increasing the rotational speed was 

accompanied by an increase in the temperature. For example, increasing the rotational 

speed from 280 rpm to 450 rpm resulted with an increase in temperature of 

approximately 17°C. This increase in temperature with increasing rotational speeds was 

expected; increasing the rotational speed increases the amount of frictional heating 

occurring between the tool shoulder and the workpiece surface and hence a higher 

temperature is generated. Both Jariyaboon [57] and Tang [63] reported similar increases 

in temperature with increasing rotational speeds during the FSW of 6.35mm thick 

AA2024-T351 plates and 6.35mm thick AA6061-T6 plates respectively. However, it was 

noted that the translational speed had more of an influence on the temperatures 

recorded than the rotational speed for the range of operational parameters tested. This 

was attributed to the relatively small size of the shoulder (18mm diameter) which 

reduced the amount of heat generation due to reduced surface area contact with the 

workpiece and lower peripheral velocities. Preliminary tests on a larger shoulder (22mm 

diameter) showed an increase in temperature compared to the 18mm shoulder due to an 

increase in the surface area contact and higher peripheral velocities.
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Figure 85: Average temperature measurements across T l, T2 and T3 with increasing
rotational speed
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4.3.1.3 Interaction between operational parameters:

Variation of either the rotational speed or the translational speed has a significant effect 

on the heat generated during the FSW process. However, a dependant relationship exists 

between both the rotational speed and translational speed. This relationship affects all 

aspects of the FSW process (temperature, forces and weld mechanical properties). The 

rotational speed regulates the magnitude of material deformation and friction occurring. 

For example higher temperatures were recorded when the rotational speed was 

increased. The translational speed regulates the time allocated for the rotational effect. 

For example, a slow translational speed permits more revolutions of the tool per 

m illimetre than a higher translational speed.

This interaction between rotational speed and translational speed can be seen in 

Figure 86. Two observations can be made from this graph. Firstly, a greater increase in 

temperature is recorded when the translational speed is increased whilst implementing a 

higher rotational speed rather than a lower rotational speed. For example, increasing the 

translational speed from 90 to 355 mm/min, a temperature difference of 75 °C is 

recorded when a rotational speed of 560 Rpm is implemented. Whereas, a lower 

temperature difference of 59°C is recorded if a rotational speed of 280 Rpm is 

implemented. Similarly, a greater temperature difference is recorded when the rotational 

speed is increased whilst implementing a lower translational speed rather than a higher 

one.
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Figure 86: Average temperature measurement across T l, T2 and T3; interaction between
operational parameters
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The relationship between the translational and rotational speed can be explained 

by characterising the operational parameters in terms of revolutions of the tool per 

millimetre travelled along the joint line (rev/mm). Figure 87 illustrates the results shown 

in Figure 86 with the operational parameters characterised in the format rev/mm. As 

expected, the temperature increases with increasing rev/mm. The greater number of tool 

revolutions per millimetre increases the amount of material deformation and friction 

occurring between the tool and the workpiece. Hence, more heat is generated.

Many authors tend to use the method of (rev/mm or mm/rev) to characterise 

the two operational parameters together when analysing results [33, 56 and 54]. 

However, this method does not give a true representation of the results in some cases. 

For example, consider the two sets of parameters:

1) Rotational speed = 450 Rpm, Translational speed = 180 mm/min

2) Rotational speed = 900 Rpm, Translational speed = 355 mm/min

The FSW tool rotates 2.5 times for every millimetre travelled (2.5 rev/mm) along 

the joint line for both sets of parameters. This would seem to suggest that the heat 

generated by the two sets of parameters during welding should be approximately the 

same. However, this is not the case; the set of parameters recorded an average 

temperature of 229.15 °C whereas the 2"*̂  set of parameters recorded an average 

temperature of 191.49 °C. The reason for this difference is the elimination of the time 

factor using this method. For example, if two plates of identical length were welded 

together using both sets of parameters. Welding would take longer using the 1̂  ̂ set of 

parameters (nearly 50% longer), this permits extra time for friction and hence heat 

generation to occur which explains the higher temperature recorded.
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4.3.2 Effect of Different Pin Geometries:

Four d ifferent pin geometries (Square, Triflute, Cylindrical and Tapered) were used to 

examine the effect of varying the pin geometry on the tem perature measured. Figure 88 

shows the tem perature recorded at T2 for the four different pin geometries at a 

rotational speed of 450 Rpm and a translational speed of 180 m m /m in using a scrolled 

shoulder. Figure 89 shows the average tem perature across T l ,  12 and T3 during the same 

test. It is clearly evident that variation in pin geom etry did not have a significant effect on 

heat generation. These results suggest that the shoulder is the primary source of heat 

generation. Further tests were conducted to clarify this (see section 4.3.3). Similar results 

were recorded by Hidetoshi Fujii who measured the tem perature generated during the  

FSW of various aluminium alloys. This author used three different pin designs (Cylindrical, 

Cylindrical with threads and triangular prism) and reported no significant variation in 

tem perature for the different pin designs. This author attributed this to  the tool shoulder 

being the primary source of heat generation and hence changing the pin design did not 

have a significant effect.
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4.3.3 Tool Pin and Shoulder Thermal Contribution:

Results from section 4.3.2 seem to indicate that the majority of heat generation is 

contributed by the tool shoulder. Similar results have been reported by different authors 

suggesting that the amount of heat input from deformational heating around the pin tool 

has been estimated to range from 2% to 20% [63, 65, 66]. To examine this further, 

temperature measurements were recorded during welding w ith no tool pin present. This 

gave a clear indication of the heat generated by the tool shoulder alone. By comparing 

the results to an identical weld (same operational parameters) w ith both the tool 

shoulder and pin in place, it was possible to calculate the heat generated by the tool pin. 

The results are shown in Figure 90 and give a clear indication of the heat generated by the 

tool shoulder and pin across thermocouples T l, T2 and T3. As expected, the results 

confirm that the tool shoulder is the primary source of heat generation and accounts for 

approximately 93 % of the total heat generated. Whereas the heat generated by the tool 

pin accounts for approximately 7% of the tota l heat generated.

■ Too l Shoulder

■ Too l Pin

Sp««d

Tool
Shoulder

Tool
Pin

180 mm/min

Triflut*

Therm o cou p le

Figure 90: Heat Generated by the tool shoulder and pin

95



4.3.4 Thermal Flow Throughout the Workpiece:

The thermal flow across the width of the workpiece is illustrated in Figure 91. 

Thermocouples T2, T6 and TIO, are all located 130mm along the length of the workpiece 

at distances 15, 40 and 65mm respectively from the joint line (see Figure 82). As 

expected; the temperature decreases with increasing distance from the weld line. M. 

Hwang et al [64] reported similar results during FSW of 3.1mm thick aluminium 6061-T6 

plates. It is evident that there is a large drop in temperature, of approximately 150 °Q 

between T2 and T6 over a small distance of 25mm. This indicates that a large quantity of 

heat is being conducted through the backing plate underneath the workpiece and also 

through the tool.
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To investigate if the temperature reaches a steady state during the FSW process,

10 thermocouples (5 on the advancing side and 5 on the retreating side) were placed

parallel to the weld direction. Thermocouples were placed at significant distances away

from both the tool insertion point and tool exit point. This arrangement reduced the

interference of the high temperatures which were recorded during the plunge, dwell and

extraction stages (see Figure 83) and therefore provided a better understanding of the

heat generated during the actually welding process. The thermocouple layout is

illustrated in Figure 92. M. Hwang et al [64] reported steady state temperature

measurements during the FSW of 3.1mm thick aluminium 6061-T6 plates. However, the

length of plates used by these authors was only 60mm in length. Also, these authors only

examined one particular set of parameters (rotational speed of 920 Rpm and translational
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speed o f  20 m m /m in ).  Both of these factors suggest insufficient evidence as to w h e th er  

th e  heat generation reaches a steady state for longer weld runs and also different  

com binations of operational parameters. During this project, plates 260  m m  (Figure 60) in 

length w e re  used with  a range of d ifferent operational param eters  (Table 13) to 

d ete rm in e  if tem p e ra tu re  m easurem ent reached a steady state during FSW.

Tool Tool
Exit

Point

T513

97,500

62.500

195

Figure 92: Therm ocouple  position, layout and labelling 2

A sample of the  tem p e ra tu re  m easurem ents  parallel to  the  weld line is shown in 

Figure 93. Results indicated tha t  regardless of the  operating param eters , distribution  

parallel to  the  welding direction reached steady state values during the  FSW process. For 

example Figure 93 shows this steady state heat generation  for a range of different  

t 'anslational speeds. A standard deviation of less than 10°C was recorded between  

adjacent therm ocouples. Similar steady state tem p e ra tu re  distribution results w ere  

recorded with  variation in the  rotational speed. Figure 93 also illustrates the  reduction in 

tem perature  (heat generation) w ith  increasing translational speeds (see section 4 .3 .1  for  

f j r th e r  details).
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Results on the thermal flow indicate that the tool acts as a local heat source 

generating little thermal flow throughout the workpiece outside the vicinity of the tool. 

For example Figure 91 illustrated the lack of thermal flow throughout the workpiece 

perpendicular to the direction of tool travel. Table 15 shows the thermal flow across 5 

thermocouples as the tool traverses across their location points. As illustrated in Figure 

92 all thermocouples are 32.5mm adjacent to the next. The table indicates the lack of 

thermal flow ahead of the tool. For example, the column representing T5 shows the slow 

increase in temperature until the tool is at least 32.5mm from its location (distance of 

162.5mm) where the temperature increases from 34.4 °C to 96°C and then jumps to a 

maximum of 261.07 °C when the tool passes the T5 location (195mm). Further evidence 

verifying that the tool acts as a local heat source can be seen in Figure 94 which shows 

the thermal flow throughout the workpiece using thermal imaging analysis and highlights 

that high temperatures are only recorded near the FSW tool.

Tool Location T1 T2 T3 T4 T5
65mm 257.8204 100.1154 37.40244 26.4448 24.70429

97.5mm 167.9756 267.5821 95.79059 35.47467 26.02019
130mm 108.6857 171.2834 263.54 88.93748 34.4032

162.5mm 81.13882 108.0769 166.5766 267.2046 96.15344
195mm 67.78147 81.24291 106.1929 163.1656 261.0757

Table 15: Thermal flow parallel to the direction of tool travel
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4.3.5 Numerical Prediction of Temperature at the Joint Line:

A regression analysis was used to  predict the temperature distribution close to the jo in t 

line. Thermocouple measurements were taken closer to  the jo in t line compared to 

previous measurements. To achieve this, holes were machined along the thickness of the 

workpiece plates and the thermocouples were inserted in a horizontal direction rather 

than a vertical direction as used previously. This enabled temperature measurements 

closer to the jo in t line as damage to the thermocouples from  the rotating shoulder was 

avoided. This technique was not used throughout experimental measurements as a lot of 

preparation was required and weld sample test pieces fo r tensile, microhardness and 

microstructural analysis were not possible. The thermocouple layout can be seen in 

Figure 95 and a sample of results can be seen in Figure 96. As expected, temperatures 

increase with increasing distances towards the weld line w ith thermocouple T3 recording 

the highest temperature of 346 °C.
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Figure 95: Thermocouple position, layout and labelling 3

400

350

300

o
250

o>
3
(0
■

200
Q>a .
E 150o
t -

100

50

0

•Thermocouple 1 
‘Thermocouple 2 

•Thermocouple 3

Rotational
S p«*d

Transitional
S p **d

Tool
Shouldar

Tool
Pin

SCO Rpm  

90 m m /m in

22m m

T riflu ta

50 100 150
T im e (s )

Figure 96: Temperature measurement close to the joint line

One linear and two second-order models were used to describe the temperature 

distribution in the width direction close to the joint line and these are shown in Equations 

1. T is the temperature at a point with a distance d from the joint line and the parameters 

ai-ay are determined by the least square method [100]. The square error E used in the 

least squares method is shown in Equation 2, where ATi is the difference between the 

regression values and the experimental data. Three temperature values from the 

thermocouples in the width direction were used, hence i=3.
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r  = + a^d (1)

T = a. + a^d' (2)

7  =  cfj +  a^d +  a~d~ (3)

Equations 1; Thermal flow  equations

Equation 2: Square error using least squares method

The experimental data, regression values and the square errors of the 

temperatures for each of the three model equations are shown in Table 16. The 

regression curves fo r temperature distributions in the width direction are shown in Figure 

97. For the three models, the second order model w ith three terms produced the lowest 

square error (E=0.37 °C) and predicted a temperature of 355.648 °C at the jo in t line. 

However, all three models predicted maximum temperatures at the jo in t line to be 

significantly lower than the solidus temperature of aluminium 2024-T3 which is 

approximately 502 - 638 °C [73]. M. Hwang et al [64] performed a similar regression 

analysis to  predicted the temperature on the jo in t line during the FSW of 3.1mm thick 

aluminium 6061-T6 plates. These authors used similar equations and reported a jo in t line 

temperature of approximately 380°C. However, this increase in temperature can be 

attributed to the higher rotation speed (80 rpm) and the lower translational speed (60 

mm/min) used by these authors.
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Measured Temperature Ti h Tj Square error (E) Predicted Joint Line Temp

269.1 317.47 346.63 •c

r  = 404.19-7,76d Regression Value 272.27 311.07 349.87 3.921 404.19

Error (At̂ ) -3.17 6.4 -3.24

r  = 363.13-0J24rf^ Regression Value 

Enror(At;)

269.494

-0.394

316.474

0.996

347.254

-0.624

0.620 363.13

r=355.648+1.386ii-0.38W^ Regression Value 269.101 317.416 346.681 0.037 355.648

Enror(Ati) -0.001 0.054 -0.051

Table 16: Regression analysis for temperature at the joint line with different models
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Figure 97: Regression curves for temperature distributions in the width direction
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4.4 Forces Occurring in FSW :

The d iffe rent forces occurring during friction stir welding are illustrated in Figure 98. The  

FSW m achine must be powerfu l enough to  deliver and support these forces, whereas the  

tooling and clamping arrangem ent must be robust enough to w ithstand th e  forces. The  

m agnitude o f the  force depends on a num ber of factors:

•  W orkp iece  materia l and thickness

•  Operational Parameters

•  Tooling material, shape and geom etry

•  Joint configuration and application

One of main disadvantages associated with  FSW is the  large forces generated  as 

the  process is purely mechanical. These large forces require  expensive m achinery tha t  are  

capable of delivering and supporting these forces. A b e tte r  understanding and 

characterisation of forces occurring during the  FSW process can help:

•  Reduce machine complexity, size, stiffness and p o w er requirem ents

•  Prom ote improved tooling designs

•  Reduce tool w ear and the  risk of tool fracture

•  Reduce operational cost and improve productivity

This project focused on th e  th ree  main forces acting on th e  tool and m achine during the  

FSW process:

1) Fz Vertical force (Z -d i r e c t io n )

2) Fx W eld ing  force (X - direction parallel to  tool travel)

3) Mz Rotational Torque
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Figure 98: Forces occurring during FSW

To date only a limited number of papers have been published which indicate 

measurement of the forces generated during the actual FSW process as distinct from 

modelling. M. Melendez and W. Tang [88] used strain gages embedded into the 

workpiece to monitor both the vertical force and the welding force. They examined the 

effects of plunge depth, rotational speed and translational speed. Yu Yang et al [89] 

developed an algorithm to detect a gap occurring between the workpiece plates during 

the FSW of AA2024. These authors used a load cell to monitor the vertical force 

generated. A number of other authors [68, 69, 70, 71] also recorded the vertical force 

generated during the plunge stage when investigating *Friction Stir Spot Welding (FSSP). 

None of the authors referred above examined the forces over the range of operational 

parameters examined during in project. Also, these authors performed the FSW process 

using traditional FSW tooling which consisted of a concave tool shoulder (requires a tilt 

angle) and a screw threaded pin design. This project focused on more recent tooling 

developments such as a scrolled tool shoulder (no tool tilt angle required) and an Mx 

Triflute tool pin design.

*FSSP: A novel variant of the "linear" friction stir welding FSW process, FSSW creates 

a spot, lap-weld without melting. It involves only the plunge and dwell stages of 

FSW
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4.4.1 Vertical Force (z-direction):

The vertical force was found to be the largest force generated during the FSW process 

and is therefore one of the nnain limiting factors in machine design because the machine 

must have adequate strength, power, stiffness and size to support the magnitude of this 

force. The existence of this vertical force also requires a backing bar or plate to be placed 

behind the workpiece to support the reaction force. Furthermore, this vertical force is 

one of the main causes o f tool wear on the bottom surface of the tool pin and tool 

shoulder.

Figure 99 illustrates a typical measurement of the vertical force recorded during 

this project. Initial contact of the pin with the top surface of the workpiece causes the 

vertical force to rise. Its magnitude increases rapidly until it reaches an initial peak of 20.6 

kN after approximately 16s. At this point the pin has penetrated into the workpiece to a 

depth of approximately 3.1mm but shoulder contact has not yet occurred. At this depth, 

the pin is capable of causing sufficient material deformation by means of a 

stirring/screwing effect provided by the three flute pin design. This effect also induces 

frictional heating and hence an increase in temperature is generated. The outcome is 

softening of the workpiece material which significantly reduces the yield strength of the 

workpiece and hence the vertical resistance acting against the tool is reduced. The 

vertical load continues to drop until it reaches 16 kN after 19s. At this point the tool pin 

has penetrated the workpiece to a depth of 4.1mm and the shoulder has now come into 

contact w ith the top surface of the workpiece. Due to the extra pressure transmitted by 

shoulder contact, the vertical force begins to rise again until the tool pin penetrates the 

workpiece to the target depth of 4.6mm. When the targeted plunge depth is achieved the 

vertical force reaches a maximum of 21.8 kN and the process then enters the dwell stage. 

During this stage the tool is held in a fixed vertical and longitudinal position whilst still 

rotating fo r approximately 8s. Because the tool is held in a fixed vertical position, one 

might expect the vertical force to reach a steady state. However, because the tool is not 

traversing longitudinally, increased heat generation occurs due to friction between the 

tool shoulder and the workpiece and hence the vertical force drops slightly during dwell 

stage due to material softening. Subsequent to the dwell stage the tool beings to traverse 

parallel along the jo in t line. The vertical force quickly reduces to a steady state value of 

approximately 14-15 kN until tool extraction. This steady state vertical force correlates
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well w ith the steady state temperatures recorded during the project (see section 4.3.4 for 

further details). S. Mandal et [68] also reported two vertical force peaks during the plunge 

stage when researching the FSW of AA2024 plates 12.5mm thick. Yu Yang [89] reported 

similar steady state vertical forces during the FSW of AA2024 plates 3.175mm thick.
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Figure 99: Typical vertical force measurement
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4.4.1.1 Maximum Plunge Force:

As illustrated in Figure 99, the vertical force reaches a maximum during the plunge stage 

as the tool penetrates into the workpiece surface. The controlling operational parameters 

during the plunge stage are the rotational speed and the plunge rate.

Rotational Speed

The effect o f varying the rotational speed on the maximum vertical force is illustrated in 

Figure 100. It is clearly evident that the vertical load acting on the tool and machine 

decreases w ith increasing rotational speeds. When the tool is rotating at a higher speed, 

increased workpiece softening occurs due to  a combinational of material deformation 

and friction heating. Similar results were recorded by S. Lathabai et a! [69] who measured 

vertical forces during friction spot joining of an extruded Al-Mg-Si alloy. A reduction in 

vertical loading w ith increasing rotational speed was presented by these authors.

According to Figure 100, increasing the rotational speed from 280 Rpm to 900 

Rpm reduces the required maximum force for tool penetration by 23% (6 kN). However, it 

must be stated that these particular test were performed at a plunge rate of 16mm/min.
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It was found th a t  the  rotat ional  speed had a d e p e n d a n t  relationship with the  plunge rate. 

Larger increases  in the  maximum vertical force were  found as the  plunge rate  was 

decreased .  This was expected,  as a slower plunge rate permits  m ore  t ime for the  

rotat ional  effect and consequent ly  more  t ime for thermal  softening.  The opposi te  

a rgum en t  was also found to  be t rue;  the  rotat ional  effect becam e  less significant as the  

plunge rate was increased.
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Figure 100: Effect of rotational speed on maximum vertical force

Plunge Rate

Further tes ts  w e re  carried out  at  different plunge rates  to  examine the  effect this had on 

the  maximum vertical force. During these  tests,  t h e  rotat ional  speed  was fixed and  only 

t h e  plunge and dwell s tages were  performed as the  maximum vertical force occurs during 

th e s e  stages. The results are  shown in Figure 101. As m ent ioned  previously, reducing the  

plunge rate  permits  more  t ime for the  rotat ional  action to  take place. Therefore,  as 

expected,  a reduction in both t h e  initial peak and maximum vertical force was recorded  

with decreasing plunge rates. S. Lathabai [69] repor ted  a similar increase in the  maximum 

vertical force when  the  plunge rate  was increased from 2 m m /s  to 7 .5mm/s.
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Tooling Design and Geometry

The effect of varying the tool pin geometry on the maximum vertical force is illustrated in 

Figure 102. To ensure the comparability of each different pin design, the effective 

dynamic area of each pin when rotating was kept constant at 38.48mm^.
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Figure 102; Effect of tool pin geometry on maximum vertical force

The Cylindrical and Tapered Cylindrical tool pins required som ewhat greater 

forces than the Square and Triflute tool to fully penetrate the workpiece. This was seen 

for various operational parameters. The difference in maximum vertical force between  

the cylindrical (largest) and the triflute pin (lowest) was approximately 10 kN which 

equates to a 36% reduction. This can be attributed to the smooth pin surface area of

1 0 8



these tools which will produce less mixing and plastic softening of the workpiece material, 

thereby resulting in a higher load requirement. Although only a 10 deg taper was used on 

the Tapered tool pin, this resulted in a significant reduction in the maximum vertical force 

compared to the cylindrical pin. Due to the shape of the cylindrical pin, it can only 

compress the workpiece material directly beneath the pin. The workpiece material must 

then flow  at a 90° angle around the edge of tool pin as it penetrates the workpiece. A 

schematic o f the material flow  is illustrated in Figure 103. However, if a taper is applied, 

this provides a smoother transition for the material to  flow  around the tool pin and 

provides more lateral flow  and hence a reduction in the maximum vertical force was 

recorded.

Cylindrical

Material Flow

Taoered

Material Flow

Figure 103: Material flow  during the plunge stage for cylindrical and tapered pins

The low maximum vertical force recorded for the square pin can be attributed to 

its flat faces and corners. The corners o f the pin have an effect of sweeping the material 

laterally rather than just simply displacing the space the pin occupies thereby reducing 

the maximum vertical force acting on the tool and machine.

The lowest maximum vertical force was recorded when the triflu te  pin was used. 

This can be attributed to the flutes and helical ridge features (Figure 104) machined onto 

the Triflute pin which produce a screwing action as it is plunged into the workpiece. 

Rotation of the tool works to screw the tool inwards thereby reducing the load. The 

uneven surface area of the pin will also cause a stirring effect, increasing the amount of 

material deformation and hence softening of the workpiece material. Also, the flutes and 

helical ridge features reduce the overall volume of the triflu te  pin, therefore the pin has 

less area to  occupy when penetrating the workpiece which also contributed to the 

reduction in max vertical force.
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Figure 104: Flutes and helical ridge features machined onto the triflu te  pin [36]

Variation of the shoulder design (concave and scrolled) did not have a significant 

effect of the vertical force. However, significant increases in the vertical force (both 

maximum and steady state) were found when the plunge depth was increased and also 

when a larger shoulder diameter of 22mm was used compared to an 18mm shoulder 

diameter. This was expected because once the tool pin is completely immersed into the 

workpiece, the large vertical forces generated can be attributed to shoulder contact with 

the workpiece. Therefore, a larger shoulder diameter will required more force to plunge 

into the workpiece and increasing the plunge depth will increase the stresses/loads acting 

on the tool. Figure 105 shows the increase in the overall vertical force when the plunge 

depth is increased from 0.5mm to  1mm. Therefore, as mentioned previously, ensuring an 

optimal plunge depth (0.5mm in this project) not only minimises the occurrence of flash 

but also a reduction in the vertical force.
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4.4.1.2 Steady State Vertical Force:

As illustrated in Figure 99 the vertical force reaches a steady state during the translational 

stage of the FSW process as the tool traverses along the jo in t line o f the two abutted 

w/orkpiece plates. The controlling operational parameters during this stage are the 

rotational speed and translational speed.

Rotational Speed

Although varying the rotational speed has a significant effect on the magnitude of the 

required maximum vertical force, this was not the case when considering the steady state 

vertical force. This is illustrated in Figure 106 for two different rotational speeds (280 rpm 

and 900 rpm) at a fixed translational speed (180 mm/min). A large difference in the 

maximum vertical force is recorded for the two different rotational speeds; however the 

steady state vertical forces recorded are equivalent. During the plunge and dwell stages 

the tool is held in a fixed horizontal position (x-direction). Therefore the rotary action of 

the tool which produces frictional heat and softens the workpiece material acts on one 

particular location of the workpiece (point of tool insertion) and hence has a greater 

effect on the vertical force during the plunge and dwell stages of the process. However, 

during the translational stage the tool is moving along the jo in t line and hence the heating 

and soften effect o f the workpiece is reduced as the tool is not held in a fixed position. 

Hence variation o f the rotational speed has less of an impact on the steady state vertical 

force, which occurs during the translational stage. Furthermore, small increases in 

temperature where recorded with increasing rotational speed as shown in section 4.3.1.2. 

Therefore one would expect the steady state vertical force to  decrease w ith increasing 

rotational speed due to softening of the workpiece material. However, this additional 

heat generation was not sufficient to soften the workpiece material and provide a 

reduction of the steady state vertical force. This was attributed to the relative small 

shoulder diameter (18mm) used. Even when the translational speed was decreased to 63 

mm/min to increase the number o f revolutions per m illimetre, variation in the rotational 

speed did not have a significant effect on the steady state vertical force. This was the case 

fo r all parameters w ith in the testing matrix.
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Translational Speed

Changes to  th e  translational speed had the  most significant e ffec t on the  steady state  

vertical force. An exam ple o f this e ffec t is shown in Figure 107. It is evident th a t the  

steady state  vertical force decreases w ith  decreasing translational speeds. For exam ple  

reducing th e  translational speed from  355  m m /m in  to  63 m m /m in  results in a 5.5 kN 

reduction o f th e  steady state  vertical force which equates to  a 31%  reduction. The 

reduction in th e  vertical force w ith  decreasing translational speeds can be a ttrib u ted  to  

enhance softening of th e  w orkpiece m ateria l w hen w elding w ith  a slow er translational 

speed. As shown previously in section 4 .3 .1 .1 , significantly higher tem p era tu res  w ere  

recorded at s low er translation  speed com pared to  fas ter translational speeds. As the  

translational speed is increased, insufficient w orkpiece softening occurs and hence the  

too l exhibits g reater vertical resistance as it traverses through th e  w orkpiece. This is 

illustrated in Figure 108 which shows the  reduction in w orkpiece softening w ith  increasing 

translational speed. This softening, or lack o f softening, has im plications fo r all forces 

acting on th e  to o lin g /m ach in e  and also on th e  w eld strength as will be discussed later.
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Figure 109 shows the  average s teady s ta te  vertical force over  7 different 

t ranslational speeds  and clearly shows the  large increase in the  s teady s ta te  vertical force 

as t h e  t ranslation speed  is progressive increased from 63 m m /m in  to  500 mm/min.  

However , as t h e  translat ional  speed is increased beyond 355 mm/min ,  the  rate  of change 

of  t h e  s teady s ta te  vertical force begins to  decrease  and stabilise to  a c om m on  value of 

approximately 18 kN. Similar to  the  rotational speed,  it was found tha t  variation of the  

pin geom et ry  did not  have a significant effect on t he  s teady  s ta te  vertical force. Melendez 

and  Tang [88] also report  an increase in t h e  s teady  s ta te  vertical force with an increase in 

t ranslational speed  during the  FSW of AA2195. At a fixed rotational speed  of 800 Rpm 

t h es e  autho rs  reports a vertical force of 12.455 kN at  a t ranslat ional  speed  of 60 mm/min 

and a vertical force of 15.7 kN at a t ranslat ional  speed  of 300 m m/min  (increase of 3.25 

kN).
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4.4.2 The Welding Force:

The welding force is the force that the FSW machine must supply to  drive the tool along 

the jo in t line. Both the tool pin and the clamping arrangement must be capable of 

withstanding this force. The welding force is the main cause of tool fracture and can 

therefore lim it the translational speed, and hence production efficiency of the process. 

For industrial applications, it is desirable to  maximise the translational speed to  increase 

productivity. However this must not compromise weld strength or increase the risk of 

tool fracture.

Figure 110 illustrates an example of the welding forces recorded during FSW

testing. The dynamometer measures the forces throughout each 360° revolution and

therefore the output from the rotating component dynamometer is with respect to a

rotating X -  Y frame. Hence only maximum and minimum values of the welding force

indicate the resistance acting against the tool as it traverses along the weld line. During

the plunge and weld stages, only slight fluctuations of the welding force are recorded as

the tool pin penetrates the workpiece. As expected, only when the too l begins to traverse

along the jo in t line does the welding force start to increase significantly. In general, the

welding force reaches a maximum value just as the translational stage is initiated and

then reduces slightly to an almost steady state throughout the remaining tool translation.

The average maximum welding force for the example shown in Figure 110 is

approximately 1.22 kN. The magnitude of this force seems relatively low when compared

to  the vertical forces recorded under the same conditions, maximum vertical force = 21.8
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kN and steady state vertical force = 13.83 kN. The welding force represents a mere 5.6 % 

and 8.9 % of these forces respectively. Therefore, the welding force should not have an 

influence on machine lim itations considering its magnitude compared to  the vertical 

force. However, the welding force may have an influence on tool wear and fracture, weld 

defects and weld strength.
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Dwell Stage Translational Stage

W eld in g  Force

Translational
Spaad

Tool
Shouldar

Tool
Pin

0 50  100  150  200
T im e  (s)

Figure 110: Typical Welding Force Measurement

4.4.2.1 Effect of operating parameters:

Similar to  the steady state vertical force, the rotational speed did not have a significant 

effect on the welding force for the range of rotational speeds tested during this project.

The effect of varying the translational speed on the welding force is shown in and 

Figure 111. Similar to the steady state vertical force, the welding force was found to 

decrease w ith decreasing translational speeds. Again, this can be attributed to an 

increase in the softening of the working material at lower translational speeds (see Figure 

108) which w ill reduce the resistance acting on the tool as it traverses along the jo in t line. 

For example, decreasing the translational speed from 500 m m/m in to 63 mm/min can 

reduce the welding force acting on the tool by approximately 4.1 kN (73%). Also, higher 

translational speeds results in fewer revolutions o f the tool per mm travelled and hence 

the workpiece material is more likely to be squeezed around the pin in an extrusion like 

process rather than being rotated around the pin, again contributing to  a larger welding
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force. Sim ilar results o f increased welding forces w ith  increasing translational speeds 

w e re  reported  by M elen d ez [88],
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Figure 111; Average w elding force fo r various translational speeds

As m entioned  previously, large w elding forces are th e  main cause of tool pin 

fractu re . This can lim it th e  translational speed and hence production effic iency o f the  

process. Figure 112 shows a too l w h ere  th e  pin was in ten tionally  fractured  by n o t applying  

heat tre a tm e n t to  the  pin and also FSW a brass w orkpiece. The pin becam e im m ersed  in 

th e  w orkp iece m ateria l during this test. The w eld ing force creates a m om ent load acting  

on th e  pin about th e  in terface betw een  the  pin and the  shoulder. If th e  pin cannot 

w ithstand  this m o m en t, frac tu re  occurs about this in terface. A tap ered  pin design w ith  a 

th icker base can provide m ore strength to  help w ithstand  this m om ent and prevent 

frac tu re . A n um ber o f factors can increase the  risk o f too l fracture:

•  High translational speeds

•  W e a k /s o ft too l pin m aterial

•  Large w orkpiece thickness

•  W orkp iece  m ateria l o f higher density

•  Excessive heat generation
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Figure 112: Tool pin fracture

During testing of all parameters and tooling designs throughout this project no pin 

fracture occurred, even at a maximum translational speed of 500mm/min. This can be 

attributed to the low density and relatively small thickness (4.82mm) of the AA2024-T3 

workpiece and the high strength at elevated temperature of the material used to 

manufacture the tool pin (heat treated H13 tool steel). Therefore the lim iting factor 

associated w ith increasing the translational speed and hence productivity of the FSW 

process was not pin failure due to large welding forces. The lim iting factor was found to 

be the form ability of the workpiece material as surface voids developed at higher 

translational speeds; this is discussed further in section 4.5.1.
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4.4.2.2 Effect of Tool design and Geometry:

Pin Design

The effec t  of d i f fe ren t  pin g e o m e t r i e s  on t h e  we lding force  is sh o w n  in Figure 113. It is 

clearly ev id en t  t h a t  tool  pin s h a p e  has  a significant ef fec t  on  t h e  m a g n i tu d e  of t h e  

we lding  force.  The larges t  welding force  w as  r e co rd e d  w h e n  t h e  cylindrical pin (3.97 kN) 

w a s  used ,  w h e r e a s  t h e  lowest  we lding force w as  r e co rd e d  us ing t h e  s q u a r e  pin des ign 

(2.28 kN), this  r e p r e s e n t s  a 42% reduct ion.  This d i f f erence  can  be  expla ined  by examining 

h o w  ea ch  pin de fo rm s /d i s p l ac e s  t h e  workp ie ce  mate r ia l  a h e a d  as it t r av e r s e s  a long t h e  

jo in t  line as s h o w n  Figure 115.
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Figure 113: Welding force for d i f ferent  pin g e o m e t r i e s
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The flat  faces  on  t h e  s q u a r e  pin ac t  like padd les  which p ro d u c e  a pulsa t ing stirring action 

(Figure 114).  This so f t en s  t h e  work piece  mater ia l  t h ro u g h  plastic d e f o r m a t io n  t h e r e b y  

r educing t h e  w o rk p iece  re s is tance  acting agains t  t h e  pin as it t r a v e r s e s  t h ro u g h  t h e  

wo rkp ie ce .  T h ese  p ad d les  producing a churning  ac t ion an d  displace  t h e  mater ia l  a h e a d  of 

t h e  pin. Similar t o  a b lend er ,  t h e  pad dl es  s w e e p  t h e  mate r ia l  a long t h e  tool  pa th  th e r e b y  

reducing  t h e  re s i s t an ce  ac ting aga ins t  t h e  t raver s ing  of t h e  tool .  The t r i f lute pin has  a 

s imilar mater ia l  d e f o rm a t io n  ef fec t  d u e  t o  its f lu tes  pr oduc in g  an  u n e v e n  surface.  The 

s m o o t h  su rf ace  and  circular s h a p e  of  t h e  cylindrical pin p r o d u c e s  less mater ia l  

d e f o r m a t io n  a h e a d  of  t h e  tool pin as it t r ave rs es .  Al ternat ively,  t h e  cylindrical pin simply 

displaces  t h e  a r ea  a long its p a th s  caus ing a lot of w o rk p ie ce  mate r ia l  t o  f low a r o u n d  t h e  

s ides  of  t h e  pin similar  to  an  ext rus ion process .  This a c co u n t s  fo r  t h e  h igher  we lding force
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recorded. H ow ever, it must be noted th a t some o f th e  w orkpiece m ateria l will stick to  the  

surface o f th e  cylindrical pin and becom e engaged in the  ro tary  action th e reb y  producing  

som e m ateria l defo rm ation . The cylindrical tapered  pin produces a sim ilar e ffect. The 10° 

tap e r incorporated into its design reduces its cross sectional area com pared to  th e  basic 

cylindrical shaped pin and hence less force is required to  push through the  w orkpiece  

m ateria l. This accounts fo r th e  reduction in th e  w eld ing  force o f th e  tap ered  pin 

com pared to  th e  cylindrical pin. Therefore  although th e  m agnitude o f th e  w eld ing force is 

re latively  small com pared to  the  vertical force, too l pin designs which enable m ateria l to  

be processed m ore effic iently  can be identified by m onitoring  this force.

Dynam ic Orbit

Figure 114; Pulsating action o f square tool

m
Square Pin Cylindrical Pin

Figure 115: M a teria l processing fo r d iffe re n t pin geom etries

Shoulder Geometry

Sim ilar to  th e  vertical force, increasing th e  plunge depth  resulted w ith  an increase in the  

w eld ing force. Increasing th e  plunge depth increases th e  volum e o f th e  tool th a t is 

im m ersed into th e  w orkpiece and hence the  too l will encounter m ore resistance as it
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traverses along the jo in t line. Figure 116 shows the effect of the plunge depth on the 

welding force. When the plunge depth is increased from 0.5mm to 1mm, the welding 

force is increased from 1.75 kN to 2.54 kN. This represents an increase o f 0.79 kN or 45%. 

Also, slightly larger welding forces were recorded when a 22mm diameter shoulder was 

used compared to an 18mm shoulder due to the increase in surface area contact between 

the shoulder and the workpiece.
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Figure 116: Effect of plunge depth on the welding force

4.4.3 Torque:

The torque is a measurement of the resistance encountered by the tool as it rotates 

through the workpiece during the FSW process. The torque also gives an indication of the 

power required. Although a wattm eter could be installed into the power supply to 

measure the machine power, this power input includes loses that occur w ith in the motor 

and drive train. For this reason, calculating the power from the torque is a more accurate 

measurement of the actual power input into the weld. The weld power can be calculated 

using the following equation:

/  V 2 l l x Q x T
Weld Pow er [u atts 1= -------------------------------

^ 60

O - Spindal rotational speed (rpm) 

T-Torque (N.m)

Equation 3: Weld power 
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Figure 117 illustrates a typical torque measurem ent during the FSW process. The 

graph of torque against tim e is similar in shape to  that of the vertical force and hence 

both are shown together. The torque rises gradually when the tool makes contact with 

the workpiece surface. However, after 16s when the pin has reached a depth of 3.1m m , 

the torque beings to rise more sharply. This change in torque corresponds to the point 

where the vertical force reaches its first peak. Unlike the vertical force which begins to 

decrease until shoulder contact occurs, the torque continues to rise after this point until it 

reaches a maximum of 58 N.m at shoulder contact. As the tool continues to penetrate the  

workpiece, more surface area of the tool pin is exposed to rotary resistance from the  

workpiece which explains the increase in torque. During the dwell stage, the tool is held 

in a constant vertical and horizontal position while still rotating. Therefore the shoulder 

generates additional heat due to friction between the workpiece which softens the 

workpiece m aterial and hence a significant reduction in the torque is recorded during the  

dwell stage. As the tool beings to traverse along the weld line, the torque reduces to a 

steady state value of approximately 35 N.m until tool extraction.
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4.4.3.1 Maximum Torque:

Similar to the vertical force the torque reaches it maximum value during the plunge stage 

when the tool shoulder contacts the workpiece surface. Therefore, the controlling 

operational parameters associated with the maximum torque are the rotational speed 

and the plunge rate.

Rotational Speed

Changes to the rotational speed were found to have the largest effect on the torque 

compared to all other operational parameters. This was expected as torque is a rotary 

force measurement. The maximum torque recorded using various rotational speeds are 

shown in Figure 118. The maximum torque was found to decrease w ith increasing 

rotational speeds. This can be attributed to increased workpiece softening due to a 

combination of material deformation and friction heating associated with higher 

rotational speeds. This workpiece softening deceases the resistance encountered by the 

tool as it rotates within the workpiece material. As the rotational speed is increased 

beyond 710 rpm, the rate of change of torque w ith increasing rotational speed begins to 

decrease and level off to  a value of 33 N.m.
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Figure 118: Maximum torque for various rotational speeds
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Plunge Speed

The maximum torque recorded for various plunge speeds is shown in Figure 119. Again, 

similar to the vertical force, the maximum torque was found to decrease with decreasing 

plunge speeds. Reducing the plunge rate permits more tim e for the rotational action to 

take place and thereby increasing the amount of workpiece softening. Results also 

illustrate that the maximum toque begins to level o ff at plunge rates above 22 m m /m in.
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Figure 119: Maximum torque for various plunge speeds
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4.4.3.2 Steady State Torque:

As illustrated in Figure 117 the torque decreases to a steady value during the translational 

stage of the FSW process as the tool traverses along the jo int line of the tw o abutted  

workpiece plates. The controlling operational parameters during this stage are the  

rotational speed and translational speed.

Rotational Speed:

Similar to  the maximum torque, the steady state torque was found to decrease 

significantly as the rotational speed was increased as shown in Figure 120. Again, this can 

be attributed to softening of the workpiece at higher rotational speed due to additional 

material deform ation. As the rotational speed is increased beyond 700 Rpm the rate of 

change to  the steady state torque begins to decrease and level off to approximately 21 

N.m.
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Translational Speed

The steady state torque for various translational speeds is shov\/n in Figure 121. It is 

clearly evident th a t  the  to rqu e  increases slightly w ith  increasing translational speeds. 

Slower translational speeds perm it m ore t im e for the  rotary action (revolutions per 

m illim etre) to  take place which leads to  enhanced workpiece softening. As the  

translational speed is increased, insufficient workpiece softening occurs and hence the  

tool exhibits greater  resistance as it rotates within the  workpiece. As the translational 

speed is increased beyond 2 5 0  m m /m in ,  the  rate of change of to rque  is reduced and  

begins to  level off to  approxim ate ly  45 N.m.
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Figure 121: Steady state torque  for various translational speeds
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Pin Geometry:

Variation in the pin geometry was not found to  have a significant effect on the toque 

(both maximum and steady state). This can be attributed to the size of the shoulder 

compared to  the pin. The diam eter of the tool shoulder is almost 3 times that of the tool 

pin, therefore once the shoulder is plunged to the required depth into the workpiece 

surface, it becomes the driving factor of torque generation.

Shoulder Design and Geometry:

Slightly higher torque were recorded using a concave shoulder design compared to  using 

a scrolled shoulder design due the larger surface area contact between the shoulder and 

workpiece associated with the concave design. Similarly, increasing the plunge depth 

resulted in slightly larger torques. However, a more significant increase in the torque was 

seen when the shoulder diam eter was increased from 18m m  to 22m m  which is shown in 

Figure 122. The steady state torque increases from  39.5 N.m to  47.7 N.m when the 

shoulder diam eter is increased from 18mm to 22m m . Again this can be attributed to the 

increased surface area contact between the shoulder and the workpiece.
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4.5 Weld Strength Assessment:

4.5,1 Effect of Varying the Operational Parameters:

As m entioned  in section 4 .1  a test m atrix was developed to  vary th e  operational 

param eters  o f both ro tational speed and translation speed in a system atic m an ner (see 

Table  13 pg84). 42  friction  stir w elds w ere  fabricated using a scrolled shoulder and triflu te  

pin design to  establish a processing w indow  fo r this grade o f m ateria l in term s o f weld  

strength  and elongation. Each w eld  was sectioned to  provide 4 tensile test samples, a 

sam ple fo r m icrohardness analysis and a sam ple fo r m acrostructure /m icrostructure  

analysis. The sam ple pieces are illustrated in Figure 123.
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Figure 123: W eld  sectioning
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To measure the weld strength, tensile tests w ere conducted to failure on each of 

the 4 samples. Further information on tensile test procedure and test piece dimensions 

are given in section 3.6.1. The stress against elongation curve for a typical tensile test on a 

friction stir welded test piece is shown in Figure 124. It is evident that there is no major 

significant difference between the maximum stress (ultim ate tensile stress) and the stress 

at fracture. The ultim ate tensile stress (Equation 4) recorded is 419.5 MPa and the stress 

at fracture is 416.9  MPa. For convenience purposes the ultim ate tensile stress (UTS) was 

used to  compare the weld strength to the parent material and also when comparing the 

strength of the different welds.

Max Stress
Ultimate Tensile Stress (UTS) =

Original Cross Sectional 
Area

Equation 4: U ltim ate tensile strength
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Figure 124: Typical FSW tensile test
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The average UTS for the  four tensile test specimens w ere  recorded for each 

weld. Tensile tests w e re  also conducted on un-welded parent m ateria l samples. An 

average UTS 4 5 4  MPa and elongation of approximately  15m m  was recorded for the  

parent material. Hence th e  weld strength efficiency was calculated using the following  

formula:

U T S  weld

Weld Strength Efficiency =   x 100
U T  S parent material

Equation 5: W eld  strength efficiency

Table 17 displays the  weld strength as a percentage of the  base material for all 

42  friction stir welds. An initial and im portant observation is tha t  a processing w in d o w  

does exist and tha t  variation of the  operational param eters leads to a progressive change  

in the  weld strength ra ther than random erratic results. For exam ple, weld strength  

efficiencies above 80%  and 90% are highlighted. These results are grouped together  

ra ther than random ly placed at d ifferent operational parameters. Table 18 shows the  

elongation at fracture as a percentage of the  parent material and is an indication of the  

ductility of each weld. As expected, welds which displayed good strength also displayed 

good ductility. However, none of the  welds retained similar ductility to  th a t  of the  parent  

materia l which fractured a fter  15m m  elongation. Similar results of low ductility w ere  

reported  by a num ber of authors [91, 56, 93, 97]. The most ductile weld only retained  

approxim ate ly  30%  of the  parent material. This can be a ttr ibuted  to  th e  heterogeneous  

complex grain structure and hardness distribution produced during the  FSW process. 

Further inform ation can be seen in sections 4 .6  and 4.7.

It is also w orth  noting tha t  the  order in which the  welds w e re  fabricated was 

randomized to  satisfy the  statistical requirem ent of independence o f observations. This 

acts as an insurance against the  effects of lurking t im e-re la ted  variables such as the  

w arm -u p  of tools and equ ipm ent. Welds fabricated at operational param eters  labelled 

N /A  did not undergo tensile testing due to  the occurrence of severe defects during 

welding.
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Percentage Strength Efficiency (%)

900 69.39 68.25 71.59 62.24 51.09 38.78 39.46
700 60.54 74.97 76.98 59.39 66.90 42.43 26.90
560 69.92 73.59 76.93 75.04 85.80 70.70 63.23
450 70.71 77.22 88.23 88.78 89.68 77.16 47.28
355 79.45 81.36 85.83 93.61 94.06 67.68 N/A
280 81.47 84.28 86.22 N/A N/A N/A N/A

63 90 125 180 250 355 500

Table 17: Strength efficiency results (%)

Percentage Elongation Efficiency (%)

5
CL
OC

4/1

Toco
<3
ooc.

900
700
560
450
355
280

9.52 7.63 10.82 5.30 4.37 3.03 3.11
5.74 10.13 11.90 5.29 7.17 3.37 2.80
8.28 8.44 10.30 8.04 15.75 8.58 6.41
9.18 11.09 18.40 20.59 20.94 8.88 3.67
15.86 : 16.16 17.08 26.39 31.07 6.21 N/A
18.20 ; 18.06 i 19.92 N/A N/A N/A N/A

63 90 125 180 250

Table 18: Elongation efficiency (mm)
355 500

It is evident both the translational speed and rotational speed do not have an 

independent impact on weld strength and ductility. For example, a low rotational speed 

of 280 rpm works well at low translational speeds from 63 -  125 mm/min as the slow 

rotary action of the tool has sufficient time to produce a consolidated weld. However, 

increasing the translation speed beyond 125 mm/min at 280 rpm does not produce a 

consolidated weld because the low rotational speed does not have sufficient tim e to 

process and mix the two workpiece material together to form a consolidated weld and 

hence a void is form  directly behind the tool as it traverses.

It can be seen that optimal weld strength above 85 - 95% of the parent material 

was recorded at translational speeds between 125 -  250 m m/m in in conjunction with 

rotational speeds between 355 -  560 rpm. These operational parameters should be 

implemented during FSW of AA2024-T3 to achieve optimal results.
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As mentioned in section 4.3.1.3, the method of rev/m m  used by some authors 

[33, 54, 56] to characterise the tw o operational parameters together when analysing 

results does not give a true representation. For example, the following two sets of 

parameters both result in 3.94 revolutions per millimetre but produce two weld of 

different strength:

1) 355 rpm, 180 m m /m in. Joint efficiency = 93.61%

2) 710 rpm, 90 m m /m in, Joint Efficiency = 74.97%

Impact of Translational Speed

In general, it was found that both the weld strength and elongation increases with  

increasing translational speed until optimal values are reached at translational speeds 

between 125 -  250 m m /m in. Further increases in the translational speed beyond 250 

m m /m in  results in a large reduction of both weld strength and elongation. Figure 125 

illustrates this effect for a fixed rotational speed of 450 rpm. The reduction in weld 

strength and elongation experienced at lower translational speeds (63 -90 m m /m in) can 

be attributed to thermal damage caused by a high heat input with a slower cooling rate 

which can cause grain growth, partial reversal of the heat treatm ent the alloy initially 

underw ent and severe clustering of CuAl precipitates[95, 96]. All of which lead to inferior 

weld properties. A higher heat input will also increase grain growth and softening within 

the welded zone which may also explain the reduction in strength. Optimal weld strength 

was achieved at translational speeds of 1 25 ,18 0  and 250 m m /m in.

Too high a translational speed will not allow sufficient tim e for the rotary/stirring  

action of the tool to produce a consolidated weld and hence a reduction in strength and 

elongation was recorded for all translational speeds above 250 m m /m in . For example, 

surface defects w ere recorded for all welds fabricated at 500 m m /m in and the majority of 

welds fabricated at 355 m m /m in. As expected, surface defects act as a focal point for 

crack propagation and hence result in lower weld strength and elongation. Figure 126 

displays a surface defect which occurred due to a high translational speed of 500 

m m /m in . Similar results were recorded by G. Biallas et al [72] who preform ed tensile tests 

on 4m m  thick AA2024 FSW joints. These authors reported an increase in weld strength 

with increases in translational speeds between the range of 80 -125 m m /m in. Kristensen
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et al [56] examined the effects of translational speed on the u lt im ate  tensile strength of  

friction stir welded aluminium 2024-T3  plates o f 6 m m  thickness and reported  a decrease  

in weld strength with increasing the  translational speeds betw een  270  - 550  m m /m in .
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Figure 125: Effect of translational speed on weld strength and elongation

Figure 126: Surface defects due to  a high translational speed

Producing good quality friction stir welds at m axim um  translational speeds is 

desirable in industrial and manufacturing application of the  FSW process to  reduce  

production t im e  and increase process efficiency. How ever, the  welding force which acts 

against the  tool pin as it traverses along the  jo in t line can cause fracture  o f the  tool pin 

and its m agnitude increases significantly w ith  increasing translational speed (section 

4 .4 .2). Nevertheless, pin fracture did not occur during the  testing of all operational 

param eters  and tooling designs, even at m axim um  translational speeds o f  5 0 0 m m /m in  as 

seen in section 4 .4.2. Therefore  the  limiting factor associated maximizing translational 

speed is form ability  of the  workpiece and not pin failure due to large welding forces. 

Hence th e  deve lopm ent of new tooling designs which can process and stir th e  workpiece  

materials m ore  efficiently may enable higher translational speeds.
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Impact of Rotational Speed

In general it was found that lower rotational speeds ranging from 280 -  450 rpm 

produced stronger and more ductile welds compared to those produced at higher 

rotational speeds ranging from 560 -  900 rpm. Figure 127 shows this effect fo r a fixed 

translational speed of 180 mm/min. Optimal weld strength was achieved at rotational 

speeds between 280 -  450 rpm. The large reduction in strength and elongation for 

rotational speeds greater than 450 rpm can again be attributed to higher heat input and 

also excessive material deformation. As shown in section 4.3.1.2, heat generation 

increases w ith rotational speed therefore thermal damage caused by a high heat input 

can lead to inferior weld properties. Higher rotational speeds also caused excessive 

release of stirred materials to the upper surface, which resulted in voids w ith in the 

nugget zone and a poor surface finish w ith irregularities and voids. Both of which act as 

areas of crack propagation and result in decreased weld strength and elongation. 

However this could also be attributed to the vibration of the FSW machine w ith increasing 

rotational speeds. Therefore further testing would be required on the FSW machine with 

greater stiffness and stability.

M.A. Sutton et al [49] reported similar results in the ir investigation of the effect 

of rotational speed on ultimate tensile strength of Aluminium 2524-T3. Using a fixed 

translational speed of 2.11 mm/s and varying the rotational speed (100 to  800 rpm), 

Sutton reported an increase in weld strength w ith increasing rotational speeds up to  a 

peak of 480 rpm. Further increases in rotational speeds above 480 rpm were 

accompanied w ith a decrease in weld strength. Sutton attributed this decrease to 

overheating (see section 2.2.1 for further details). J. Adamowski et al [75] investigated 

the effects of varying process parameters when FSW AW6082-T6 aluminium alloy plates. 

While maintaining a constant translational speed of 115 mm/min, Adamowski found that 

increasing the rotational speed from 330 to  880 Rpm resulted in a reduction in weld 

strength of approximately 30 MPa.
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Figure 127: Effect of rotational speed on weld strength and elongation

As m entioned  previously, surface defects can occur due to  a high translational 

speeds and inadequate mixing of the  workpiece materials as shown in Figure 126. 

H ow ever, this cannot be offset by simply increasing the  rotational speed and increasing 

the  n um ber o f  revolutions per millimetre of tool travel. To exam ine this, a weld was 

fabricated at 1400 rpm with  a translational speed of 500  m m /m in  which is shown in 

Figure 128. W e ld  strength of 29%  of tha t  of the  parent material was recorded for this 

w elded  jo int. This was a ttr ibuted  to  the  low heat input due to  the  high translational speed 

used and excessive deform ation  due the high rotational speed which produced a coarse 

and irregular surface finish with  the  occurrence of internal voids.

Figure 128: W eld  fabricated at 5 00  m m /m in  and 1400  Rpm

133



4.5.2 Effect of Different Pin Design:

As mentioned in section 3.3.2, four different pin designs (Triflute, Square, Cylindrical and 

Tapered) were designed and manufactured to determ ine their effects on the FSW 

process. The primary function of the non-consumable rotating tool pin is to stir the 

plasticized metal and move the material from the front to the back of the pin to close the 

gap left behind in the tool wake to produce a consolidated joint. Pin geom etry plays a 

crucial role in material flow which can determ ine the mechanical properties of the welded  

joint. Figure 129 illustrates the effect of different pin designs on weld strength and 

elongation as a percentage of the parent material.

R o t« t lo n « l
S p««d
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Weld Strength 

Weld Elongation
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IBO  m m /m in  

S cro ltv d  

A ll F our

Triflute Square Cylindrical Taper

Figure 129: Weld strength and elongation efficiency for different pin designs

It is clearly evident that the four pin geometries can be separated into two  

different categories. The triflute and square pins, which are associated w ith increased 

material deformation capabilities, produced greater weld strength and elongation (91%, 

20.6% and 92%, 22.1% respectively). Whereas the cylindrical and tapered pins, due to 

their smooth pin designs, produced lower weld strength and elongation (70%, 6.9 and 

73%, 8% respectively). Note Similar results were also seen for different operational 

parameters.

Pin profiles with flat faces like the square pin are associated with eccentricity. 

This eccentricity allows compressible material to pass smoothly around the pin profile. 

Also, the flat faces and corners of the pin produce a pulsating stirring action, as illustrated 

in Figure 114 p g ll9 .  Both of which create a smoother flow and mixing of the workpiece
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materia l to  produce a strong consolidated weld. The flutes and helical ridge features  

machined onto  the  tr if lute  tool result in the  pin having an uneven surface area which 

causes an increased stirring effect tha t  will increase m ateria l deform ation  and allow a 

sm oother integration of the  workpiece material from  each plate to  produce a strong 

weld. Both th e  Square and Triflute pins produce m ore  turbulence due to  the ir  shape 

which increases materia l mixing.

The Cylindrical and Tapered pins do not have any flutes or f lat faces to  produce  

any enhanced stirring effect. Although some of th e  workpiece m ateria l will stick to  the  

surface of the  pin and becom e immersed in th e  rotary/stirring action, a lot of the  

plasticized materia l will simply extrude on the  sides of the  pin. Consequently tools having 

a smooth pin surface area will produce less mixing of the  w orkpiece material, thereby  

resulting in a w eaker weld.

A n oth er observation tha t  can be m ade is the  fact tha t  a simple square shape can 

produce equal, and in some case better, weld properties tha t  a com plex tr if lu te  shape. 

The com plex shape of the  tr if lu te  tool is also m ore expensive and difficult to  machine  

than a simple square shape. The three  flute design of the  tr if lu te  pin reduces the  volum e  

of tool pin m ateria l and can influence the  risk of pin failure when welding thicker or 

denser material. There fore  w hen  pin failure becomes a limiting factor in FSW the  triflute  

pin design m ay not be appropriate.

A recom m end pin design from  the results produced during this project is a pin 

which has flats, threads and a taper machined onto  it. The flats and threaded  features  

which produce a stirring action similar to  the  square and tr if lu te  pin. The tap er and flats 

(instead of f lu te) will provide greater strength and stability when  weld ing thick or more  

dense w o rk  pieces.
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4.5.3 Effect of Different Shoulder Geometries:

Concave versus Scrolled Shoulder

To examine the effect of shoulder design, two welds were fabricated with a concave 

shoulder design using a required 2° tool t ilt  angle and compared w ith welds fabricated 

using a scrolled shoulder design (note both shoulders had a diameter of 18mm). The 

results are shown in Figure 130 and indicate that although the scrolled shoulder 

preformed slightly better there is no major significant difference in weld strength 

between the tw o different shoulder designs. Similar results were obtained when 

comparing elongation. However, these results only represent two sets operational 

parameter and therefore further test would be required to examine this over a larger 

range of operating parameters.

■  Scrolled Shoulder

■  Concave Shoulder

125 mmymln

450rpm,125mmAnin 355 rpm, 125 mm/min

Figure 130: Effect of shoulder design on jo in t efficiency

The Above information shows no significant different in weld strength when 

using a scrolled shoulder compared to a concave shoulder. However the scrolled shoulder 

was found to enable higher translational speeds due to a reduction in too! lift. At high 

translational speeds, the t ilt  angle can cause the tool to partially come out of the 

workpiece, therefore taking away the necessary feed of material to  the upper reaches of 

the tool pin which can initiate the formation o f voids. Using a concave shoulder, 

translational speeds greater than 125mm/min were not possible due to  this tool lift which 

resulted in a poor surface finish with the occurrence of voids and irregularities. Evidence 

fo r this can be seen in Figure 131. However the most significant advantage of using a
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scrolled shoulder is its ability  to  w eld w ith  a zero too l t ilt  angle. This is an advantage if 

perform ing  a friction stir w eld  around a corner or w eld ing in a circular or oval shape (i.e. 

non-linear) w h ere  sophisticated m achinery and a lot o f precision w ould be required  to  

m ainta in  th e  appropria te  too l tilt  angle w hile  using a concave too l shoulder. Figure 132  

illustrates w elds p re form ed during a train ing course a t The W eld ing  Institu te  (TW I) using a 

scrolled shoulder w ith  a zero tilt  angle.

125 mm/min 250 mm/min

Figure 131: Tool lift using a concave shoulder

Figure 132: Non linear w eld w ith  a scrolled shoulder
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Shoulder Dimensions

As mentioned previously initial testing at the beginning of this project focused on a larger 

shoulder diameter of 22mm. This diameter was based on the work of previous authors 

who preformed FSW on similar aluminium 2024-T3 plates [42, 43, 47, 49]. Results 

produced using the 22 mm shoulder was compared to those produced using a smaller 

shoulder diameter of 18mm. In all cases, the 18 mm shoulder diameter produced 

stronger more ductile welds. An example of this can be seen in Figure 133. Using an 18 

mm shoulder diameter, a 20 % increase weld strength and 50% increase in elongation 

was recorded. This can be attributed to thermal damage associated w ith the larger 22mm 

shoulder diameter. A larger diameter will generate more heat due to increased surface 

area contact w ith the workpiece and higher peripheral velocities at the shoulder edge. A 

higher heat input can cause thermal damage to the workpiece and produce welds with 

inferior mechanical properties as mentioned in section 4.5.1.
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Figure 133: Joint efficiency and elongation using different shoulder dimensions
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4.5.4 Repeatability:

A number of tests w ithin the testing matrix were repeated to investigate the consistency 

of the friction stir welding process. All repeat testing, in terms of weld strength and 

elongation were found to be relative consistent w ith a standard deviation of 

approximately 7%. Figure 134 illustrates the consistency of two particular welds that 

performed particularly well during the initial testing. All four tests produced welds with 

strength approximately 90% of that of the parent material.
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Figure 134: Joint efficiency repeat testing
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4.6 Macrostructure and Microstructure;

4.6.1 Introduction:

To exam ine th e  m acrostructure and micro structure of the  friction stir w eld ing  process, 

cross sections from  w elds w ere  m ounted on resin, polished and etched  using Keller's 

reagent to  reveal the  d iffe ren t w eld zones. Figure 135 shows an exam ple of a w eld  

fabricated  during this project w ith  the  d iffe ren t w eld zones revealed. Further in form ation  

on th e  procedure can be seen in section 3 .6 .3 .

TmazTmaz

Nugget

^ l^ a d v in c in f ^ i^ retreating side

Figure 135: M acrostructure  of the  d iffe ren t w eld zones

Thermo-Mechanically Affected Zone (TMAZ):

This is th e  part of the  w eld  th a t is affected by both heat and d efo rm ation . In a lum in ium , 

only th e  hottest part will recrystallized to  form  the nugget. The Nugget Zone is th e  region 

of th e  w eld th a t th e  pin occupies as it traverses along the  jo in t line. This region undergoes  

intense m ateria l d efo rm ation  at elevated tem p eratu res . The original grains w ith in  this 

zone are com pletely  dem olished by the  tool pin and replaced w ith  fine , equiaxed grains. 

This process is called continuous dynam ic recrystallization and an exam ple  is shown in 

Figure 136.
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Figure 136: Dynamic recrystallization within the nugget zone at lOOOx magnification

The TMAZ at either side of the nugget is a zone that has not undergone 

recrystallization. W hile this zone has not been directly subjected to the deformational 

action of the pin, however due to internal shear stresses it has experienced severe 

thermo-mechanical alteration. Consequently the microstructure of the TMAZ is 

recognisably that of the base material but severely deform ed. The grains appear to have 

undergone a rolling/ straining deformation process which results in elongated grains, as 

shown in Figure 137. The tem peratures in this zone although not great enough to cause 

dynamic recrystallization, will cause a slight tem pering effect of the material. Therefore  

the material properties in this region tend to be lower than those found in the base 

material. The overall TMAZ also appears to have a V-Shape appearance, as shown in 

Figure 135. This is due to the heating and material deform ation effect produced by the 

tool shoulder. Shoulder contact occurs at the workpiece surface and the effects of the 

shoulder decreases with depth away from the workpiece surface, therefore resulting in a 

V-Shape appearance. Also the size of the TMAZ is directly related to the tool shoulder 

diam eter and it can be seen that there is a clear distinct boundary between the TMAZ and 

the nugget weld zone as illustrated in Figure 138.
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Figure 137: TMAZ zone at 200x magnification

Figure 138: Boundary between TIVIAZ and Nugget zones at lOOx magnification 

Heat Affected Zone HAZ;

The Heat Affected Zone is located either side of the TMAZ. It is the part o f the weld that is 

not mechanically affected but does undergo a considerable thermal cycle which leads to 

grain growth and softening in this region. Figure 139 shows the grains w ith in the HAZ. 

Similar to  the TMAZ region, the HAZ takes up a V-Shape appearance due to the shoulder 

action. The Transition from the TMAZ to  HAZ is more gradual one w ith the grains 

becoming increasingly less deformed closer to  the HAZ zone. This can be seen in Figure 

140.
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Figure 139: HAZ zone x200

TMAZ

Figure 140: Transition from HAZ to TMAZ at 50x magnification
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4.6.2 Effect of different Shoulder Dimensions:

As mentioned in section 4.5.3, welds were produced w ith tools having two different 

shoulder diameters (18mm and 22mm). The macrostructure of the two welds is 

illustrated in Figure 141. The nugget zone when using the 18 mm shoulder is less clearly 

defined and distinguished from the un-recrystallized TMAZ. This can be attributed to the 

reduction in heat input into the weld for the smaller 18mm shoulder diameter as 

recrystallization requires intense heat combined with deformation. Reducing the heat 

input w ill reduce the recrystallization process and hence the difference between the 

nugget zone and outer TMAZ will be less visible. Also, the size of the TMAZ and HAZ are 

smaller when a smaller tool shoulder is used. These are regions o f low strength and 

hardness which w ill be discussed in section 4.7.3. This correlates well w ith the greater 

weld strength recorded for an 18mm shoulder diameter compared to  a 22mm diameter 

as discussed in section 4.5.3. Also, it is worth noting that no distinctive difference was 

apparent when examining the microstructure of welds fabricated using a scrolled 

shoulder as opposed to a concave shoulder of the same diameter.

TMAZ
NUGGET

TMAZ

NUGGET

18 mm 
Shoulder

22 mm  
Shoulder

Figure 141: Macrostructure for different shoulder diameters 

4.6.3 Effect of Different Pin Geometries:

In section 4.5.2, the increase in weld strength when welding with both the Square and 

Triflute pin geometries compared to the Cylindrical and Tapered pins was attributed to 

increased material deformation and mixing. Evidence for this can be seen in Figure 142 

which compares the grains w ith in the nugget zone and TMAZ fo r the triflu te  and 

cylindrical pins. Recrystallization occurs in the nugget zone regardless of the pin profile.
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How ever th e  tr if lu te  pin produced a more finer, com pact and equiaxed grain structure  

w ithin  the nugget zone com pared to  the  cylindrical pin. Also, closer examination of the  

T M A Z  reveals a greater a m o un t of grain elongation produced using the  tr if lu te  pin 

com pared to  the  cylindrical pin. Both of which indicate greater am ount o f  plastic material 

d eform ation . Note, the  square pin produced similar grains to  those produced by the  

tr if lu te  pin, and the  tapered  pin produced grains similar to  those produced by the  

cylindrical pin

TRIFLUTE, Nug IQOOx CYLINDRICAL Nug lOOOx

TRIF LUTE, TMAZ 200x
CYUNDRICAL, TMAZ 200x

Figure 142: Nugget and T M A Z comparison for Triflute and Cylindrical tool pins

Further evidence of increased plastic m ateria l de form ation  is shown in Figure 

143 which compares the  macrostructure of welds produced using the  square and 

cylindrical pins. The square pin produced a slightly larger overall T M A Z  which suggests 

greater  m ateria l mixing and deform ation . Also, th e  square pin produced a consolidated  

weld throughout the  entire  thickness of the  weld. How ever, results indicate tha t  although  

both pins had the  same height, the  cylindrical pin did not produce adequate  mixing and 

integration of the  tw o  workpiece material near the  bo ttom  surface of the  jo in t and hence
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a root flaw  is formed. Therefore the bottom surface of the jo int is an area of weakness 

which may have lead to the lower weld strength recorded for the cylindrical and tapered  

pins.

Square Pin Cylindrical Pin

Figure 143: Macrostructure and microstructure of welds with different pin geometries

In some cases tunnel defects were found in welds produced by both the 

Cylindrical and Tapered pins. These tunnel defects appeared along the entire length of 

the weld on the advancing side at the interface between the Nugget and TMAZ near the 

bottom  surface of the weld and can be seen in Figure 144. The location of these flaws 

refers to the edge of the tool pin and suggests that as the pin traverses through the  

workpiece, material is being forced around the sides of the pin (extruded) rather than 

being rotated around the front of the pin from the advancing side to the retreating side. 

Therefore, these defects can be attributed to inadequate mixing and material 

deform ation due the smooth surface area of these pins. The presence of these tunnel 

defects can also account for the lower weld strength recorded for the tapered and 

cylindrical pins.
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CYLINDRICAL TAPERED

Figure 144: Tunnel defects at xlOO magnification
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4.7 Microhardness and Fracture Location:

4.7.1 Introduction:

Vickers Microhardness test were conducted on the cross sectional areas of the welded  

jo int. Indentations measurements were taking at 1mm intervals either side of the weld 

centre line at mid-thickness depth of 2.41 mm from the workpiece surface as shown in 

Figure 145. The test involves the user measuring the diagonals of the diamond shape 

indentation mark. Therefore, human error can reduce the accuracy of the measurement. 

The minimise this, the hardness of each indentation mark was measured three times and 

the average hardness was recorded.

^ 3 -
2.41mm

ylr\

Figure 145: Schematic of Microhardness test

Figure 146 shows a typical microhardness graph for a Friction Stir Weld. Negative 

numbers represent the retreating side of the weld and positive numbers the advancing 

side. Points 1 to  2 represent the transition from the joint line to the edge of the area 

occupied by the tool pin i.e. the nugget zone. A high almost constant hardness of 132 - 

135 HV is achieved in this region due to the high strain rates, elevated tem peratures and 

dynamic recrystallization occurring. As mentioned previously, recrystallization produces 

fine equiaxed grains which produce a uniform resistance to deform ation and hence a 

relatively larger hardness is recorded. This hardness is below that of the parent material 

hardness of approximately 147 HV which was measured from  an un-welded sample. 

Points 2 to 3 represent transition from the un-recrystallized TMAZ to the HMAZ with low 

hardness values of approximately 118 - 119 HV recorded at point 3 approximately 5mm  

away from the jo int line. The low hardness recorded within the transition from  the TMAZ
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t o  t h e  HAZ can b e  a t t r i b u t e d  to  d issolut ion,  c o a r sen in g  a n d  overag ing  of t h e  

s t r e n g t h e n i n g  pre cip i ta te s  d u e  t o  t h e  t h e rm a l  cycle w i t h o u t  recrystal lizat ion occurr ing in 

th is  region [93, 97].  This region t h e r e f o r e  ex pe r i ences  a re duc t ion  in s t r e n g th  and  genera l  

so f t en in g  which magnif ies  wi th increasing h ea t  g en e ra t i o n .  Points  3 t o  4 r e p re s e n t  

t r ans i t ion  f r o m  t h e  HAZ to  p a r e n t  mater ia l  p ro pe r t ie s .  The h ea t i ng  ef fec ts  of t h e  tool  

s h o u l d e r  d e c r e a s e s  wi th d i s t an ce  aw ay  f rom  its per ip h e ry  until t h e  h a r d n e s s  begins  to  

r e s e m b l e  t h a t  of  t h e  p a r e n t  mater ia l .

It is e v id e n t  t h a t  all weld  zones  ex p e r ien ce  a h a r d n e s s  value  b e lo w  t h a t  of  t h e  

p a r e n t  mater ia l .  This m ay  explain w hy  n o n e  of  t h e  w e ld s  exhib i ted  g r e a t e r  s t r en g th  th a n  

t h e  p a r e n t  mater ia l .  Kristensen [56] an d  Ja r iy abo on  [57] p e r f o r m e d  Vickers 

m i c r o h a r d n e s s  t e s t s  on Aluminium 2024-T3 friction Stir Welds  of  6 m m  an d  6 .3 5 m m  

th ickness  respect ively  for a r ange  of d i f fe ren t  op e ra t io n a l  p a r a m e t e r s .  Similar h a r d n ess  

va lues  t o  t h o s e  in Figure 146 w e r e  r e p o r t e d  by t h e s e  au tho rs .
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Figure 146: Typical m ic r o h a r d n e s s  curve

Figure 146 s h o w s  t h e  large var iat ion of h a r d n e s s  ac ross  t h e  we ld  zone  a t  a mid 

th ick n es s  d e p t h  an d  indicates a com plex  grain s t ru c tu re .  The re  is also a var ia t ion  in 

h a r d n e s s  a lon g t h e  th i ckness  of  t h e  w ork p iece  which f u r th e r  co m pl ica te s  t h e  s t ructure .  

Figure 147 s h o w s  t h e  r e co rd e d  h a r d n e s s  a t  1.75 m m  a b o v e  t h e  mid th ickn es s  d e p t h  and 

1.75 m m  b e lo w  t h e  mid th ickness  d ep th .
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A larger nugget region w ith higher hardness was recorded at 1.75mm above the 

mid thickness level due to  its close proximity to the shoulder. The action of the shoulder 

is to  generate heat but also some material deformation. Recrystallization occurs due to 

grain deformation at an elevated temperature and hence a stronger/harder grain 

structure is experienced closer to  the shoulder. The transition to  the HAZ is also larger in 

size at 1.75 mm above the mid thickness and reaches it minimal value close to periphery 

of the tool shoulder at approximately 8-9 mm away from the weld centre line. Again this 

can be attributed to the influence of the shoulder.

A general decrease in size and hardness of the nugget zone, and also a reduction 

in size of the HAZ is experience at -1.75 mm below mid thickness depth. The influence of 

the shoulder is limited in depth as it only contacts the top surface of the workpiece. The 

effects of the shoulder become increasing less significant w ith increasing depth below the 

top surface.
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Figure 147: Microhardness at different thickness depths 

4.7.2 Low Ductility of Welds:

As outlined in section 4.5, all welds exhibited a significantly lower ductility to  that of the 

parent material. Evidence from the complex grain structure w ith in  the different weld 

zones (section 4.6.1) and the microhardness distribution along the w idth and thickness of 

the weld (section 4.7.1) suggest the FSW process produces a complex heterogeneous 

weld structure. Grains of different shapes and sizes possess different mechanical 

properties. Evidence for this can be seen in the variation of grain harness recorded which
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is directly related to the tensile strength. The low ductility can be attributed to the grains 

having different mechanical properties which will vary the yield strength capabilities 

across the jo int. A higher ductility is expected if a more uniform grain structure is 

produced throughout the weld zones similar to the parent material.

4.7.3 Identifying fracture location:

Although the FSW process produces a complex heterogeneous grain structure and 

hardness distribution. The relationship between hardness and tensile strength can help 

identify where fracture location is most likely to  occur. Hardness is the measure of how 

resistant solid matter is to  various kinds of permanent shape change when a force is 

applied. Therefore both hardness and tensile strength are indicators of a materials 

resistance to plastic deformation. When a jo in t is free o f defects, the tensile properties of 

the jo in t are dependent on the microhardness distribution o f the jo int. When a tensile 

load is applied to a jo int, the stress and strain concentration takes place in the region of 

lowest hardness/strength (commonly transition from TMAZ to HAZ) and consequently, 

the jo in t fails in this region. For example, in Figure 146 the lowest hardness value 

recorded is 119 Hv and its location was approximately 5mm from the weld centre 

(transition from TMAZ to HAZ). This indicates where failure is most likely to occur. 

Evidence for this can be seen in Figure 148 which shows the tensile specimen with failure 

occurring at approximately 5mm from the centre line. In all other welds, the location of 

lowest hardness gave a good indication of where fracture is most likely to  occur provided 

no surface defects, internal defects and root flaws were present. Therefore a non­

destructive micro hardness test can provide a good indication of the location of where 

fracture is mostly likely to occur.

Figure 148: Fracture Location 
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4.7.4 Effects of Operational Parameters on Microhardness:

Impact of Translational Speed

The effect of increasing the translational speed on the microhardness can be seen in 

Figure 149. The nugget hardness of the test pieces is approximately equal w ith no major 

significant differences. However, it can be seen that the values of minimum hardness 

(TMAZ/HAZ region) increases with increasing translational speeds. Also, the distance from 

the weld centre at which this minimal value occurs, decreases w ith increasing 

translational. Both these effects can be attributed to the reduction in heat generation 

w ith increasing translational speeds as mentioned in section 4.3.1.1. Where the grains in 

the HAZ zone are not mechanically affected they do undergo a considerable thermal cycle 

which leads to grain growth and softening of the grain. Also grains w ithin the TMAZ are 

also subjected to  a tempering effect which will also cause grain softening. Hence a 

reduction in hardness occurs w ithin these zones. Consequently an increase in heat 

generation at lower translational speeds will enhance this effect significantly as illustrated 

in Figure 149. Also, increased heat generation will also increase the w idth of the HAZ 

which explains the location of minimum values.

Furthermore, variation in hardness and transition towards the parent material 

hardness is less apparent for higher translational speed. This produces a more uniform 

microstructure and hardness distribution which may increase ductility. Therefore, higher 

translational speeds may produce stronger and more ductile welds in addition to reducing 

production tim e provided the tooling design can process the material efficiency and 

prevent the occurs of voids as seen in section 4.5.1. Kristen et al [56] recorded a similar 

increase in hardness in the HAZ when increasing the translational speed from 272 

mm/min to 476 mm/min at a fixed rotational speed of 340 Rpm during the FSW of 6mm 

thickness aluminium 2024-T3 plates.
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Figure 149: Effect of translational speed on microhardness

Comparing the results in Figure 149 to those in Table 17 (weld strength results pg 

129) we can again see that hardness measurement gives an indication of the welds will 

most likely perform best. The weld fabricated at 500 m m /m in recorded the highest 

hardness in the HAZ and therefore should have the greater strength. Unfortunately this 

was not the case due to the occurrence of surface defects produced at high translational 

speeds. However, no defects where detected in the welds produced at 63 and 180 

m m /m in. The 63 m m /m in weld produced a lower hardness and weld strength, 79 % of 

that of the parent material. Whereas the 180 m m /m in weld produced a higher hardness 

value in the HAZ zone and hence produced superior weld strength, 93 % of that of the 

parent material.
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Impact of Rotational Speed

The effect of varying the  rotational speed from  280  - 900  Rpm on th e  hardness is shown  

in Figure 150. The hardness in the  nugget region was found to  increase with increasing 

rotational speed. This was expected as increased rotational speed produces greater  

m ateria l deform ation and heat generation (see section 4 .3 .1 .2 ),  both of which are  

required for recrystallization to  occur. However, higher rotational speeds also resulted in 

low er m inim al hardness values in the  TMAZ-HAZ region. Again this reduction in hardness  

can a ttr ibuted  to  an increase in heat generation.

Lower rotational speeds resulted in a faster transition from  the HAZ to  the  

parent material hardness and th e  difference in hardness betw een in the  nugget region 

and the  HAZ becomes less apparen t w ith  decreasing rotational speed. In some cases, for 

exam ple  the  weld fabricated at 280  Rpm, the  m in im um  hardness value was found in the  

nugget region. Again, this can be a ttr ibuted to  the  reduction in heat generated.  

Jariyaboon et al [57] reported similar results during FSW of 6 .3 5 m m  thick A A 2024-T351  

plates. These authors reported a low hardness in the  nugget region of welds produced  

w ith  a low rotational speed of 215 Rpm and found a higher hardness in the  nugget region 

for welds produced with  a higher rotational of 468  Rpm.
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Figure 150: Effect of rotational speed on microhardness
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4.7.5 Effect of Tool Design: 

Pin Design

Due to  increased material deformation, the triflute and square tool pins produced finer 

grains within the nugget zone and TMAZ compared to  the cylindrical and tapered pin 

(section 4.6.3) which resulted in great weld strength (section 4.5.2). Further evidence for 

this can be seen in Figure 151 which shows the average nugget hardness for the four 

different pin designs. As expected, higher hardness is recorded for the triflute and square 

pin designs.
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Figure 151: Average Vickers hardness within the nugget zone for different pin designs

Shoulder Design

The effect of shoulder geometry (concave and scrolled) on the hardness is illustrated in 

Figure 152. It can be seen that there is no significant different in the hardness value 

recorded for the tw o different shoulder designs. This was expected as welds fabricated 

using both shoulders produced similar weld strength as presented in section 4.5.3.
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4.8 Comparison of Post weld Results to Previous Research:

From the literature review it is evident there has been previously research focused on the 

FSW of 2xxx aluminium alloys, especially AA2024 due to its high strength to weight ratio 

and its many applications within the aerospace industry. In particular, Shanmuga et al, 

Balasubramanian et al, Elangovan et al, and Aydin et al have published papers focusing on 

examining the effects of operational parameters (rotational and translational speeds) to 

maximise weld strength. However, these authors along with many others which are 

illustrated in Table 7 pg32 all tend to im plem ent higher rotational speeds and lower 

translational speeds compared to parameters used during this project. For example the 

four authors mentioned above recommended rotational speeds between 1200 -  2140 

rpm and translational speeds between 40 -  75 m m /m in, perhaps w ith the idea that lower 

translational speeds and higher rotational speeds will produce more mixing of the 

workpiece material and hence produce stronger joints. These authors achieved weld 

strength efficiencies between 60 -  76% of the parent material.

However, during this project, weld strength efficiencies between 85 -  95% of the  

parent material were achieved by implementing lower rotational speeds (355 -  450  rpm) 

and faster translational speeds (125 -  250 m m /m in). These parameters also have 

productions befits such as lower energy input and a reduction in process tim e. From 

these results it is clearly evident that the amount of mechanical energy required to 

therm ally soften and mix the workpiece material together has been over estimated by 

previous researchers.

High rotational speeds and low translational speeds produce a greater heat input 

into the weld. Microhardness testing demonstrated that an increase in heat input will 

reduce the hardness in the weakest part of the weld zones (TMAZ -  HAZ interface) due to 

grain growth and softening. This reduces the strength of the weld leading to a reduction 

in the mechanical properties such as tensile strength. Similar to previous research [91, 56, 

93, 97], welds recorded low ductility compared to the parent m aterial. This was 

attributed to the large variation in microhardness distribution recorded in the different 

weld zone which indicated a complex heterogeneous weld structure.
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Microhardness testing revealed that increasing the translational speed reduces 

the variation of harness w ithin the different weld zones with respect to  the parent 

material. This outcome is desirable as the closer the weld zones resemble that o f the 

parent material, the greater strength and elongation achievable. Higher rotational speeds 

where found to produce a strong nugget zone of high hardness with fine equiaxed grains 

due to  dynamic recrystallization. However, this was offset by the increase in heat input 

produced by the rotating shoulder which was found to be the primary source of heat 

generation.

Therefore, this project has identified tool designs and operational parameters to 

achieve greater weld strength w ith reduced energy input and faster production times 

compared to  previous research. This was achieved by reducing the heat input into the 

weld (by implementing lower rotational speeds and faster translational speeds) and also 

finding the appropriate combinational of parameters to provide sufficient mechanical 

energy.

Further improvement to weld strength and in particular the ductility can only be 

achieved by reducing the heat input and producing a more uniform grain structure 

throughout the different weld zone. This can be achieved by reducing rotational speeds, 

increasing translational speeds and reducing the size of the shoulder. However 

maximising the translational speed is limited due to the occurrence of surface voids as the 

tool is travelling too fast to enable the rotation of the tool to jo in the 2 materials 

together. Off-setting this by increasing the rotational speed will only increase heat 

generation again. Therefore this research has identified two options:

1 Develop new tool designs which can process and stir the materials more efficiently 

to  enable higher translation speeds, lower rotational speeds and a reduction of heat 

input.

2 The tool shoulder was identified as the main source of heat generation. Therefore 

developing a non-rotating shoulder will reduce the heat input, allow higher 

rotational speeds of the pin to increase mixing which in turn will enable higher 

translational speeds.
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4.9 Finite Element Modeling:

The fin ite e lem e n t  package DEFORM 3D V5.1  was used to  produce a fin ite e lem en t model 

of the  friction stir welding process. The a lum inium  sheets w e re  m odelled as one  

continuous block ra ther than tw o  separate objects to  avoid numerical contact instabilities 

tha t  resulted fro m  the  discontinuities present at the  edge o f  the  tw o  sheets and caused 

th e  simulations to  fail. The rotating tool moves forw ard and welds a crack left behind the  

pin as it advances along the  welding line. A similar approach was taken by G. Buffa et al 

and also L. Fratini et al [85, 86, 87].

Figure 153: Finite e lem en t model of the  FSW process using D eform  3D

The selection of the  f low  stress equation describing the  w orkpiece was a critical 

fea tu re  o f  the  model as the  tem peratures, stresses, strains and strain rates are all 

d ete rm in ed  fro m  the  chosen flow  stress equation. Initially three  d ifferent f low  stress 

equations w e re  investigated and these are shown in Figure 154. They include the  Sellers- 

Tegart law [98], Johnson Cook material law [99] and an empirical equation adopted by 

Fratini [87]. It was found tha t  the  equation developed by the  Johnson Cook law gave the  

best representation of the  FSW process and validation o f  the  model is discussed in section 

4 .9 .1 .
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Figure 154: Different flow  stress equation for AA2024-T3

However, there were many limitations associated w ith using DEFORM 3D when 

modelling the FSW process. Fine mesh windows with tetrahedral elements 1mm in length 

were used to concentrate the mesh density around the vicinity of tool pin and the 

shoulder contact area. This was necessary to consolidate the hole left by the tool pin as it 

advances along the weld line. Frequent remeshing (every 5 step) was also required to 

maintain mesh integrity. Both of these factor increased computational times significantly. 

For example, a typical model could take over 120 hours (5days) to  run completely. 

Modelling the scrolled shoulder and the square pin was not possible due to contact 

instabilities and severe mesh distortion which constantly caused the simulation to fail. 

Therefore a concave shoulder with a 2° t ilt  angle with either a treaded or cylindrical tool 

pin were used in the FE model. However, a more up-to-date version o f DEFORM 3D may 

reduce computational times and enable modelling of the scrolled shoulder and square pin 

design.
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4.9.1 Validation of FSW Model:

The first step after the completion of each FSW simulation was to validate the model to 

ensure a good correlation w ith the experimental results before post processing model 

analysis. This was achieved by comparing the forces and temperatures predicted by the 

DEFORM 3D model to  those recorded during the experimental testing.

Temperature Validation:

Figure 155 shows the FEM temperatures predicted at three different locations (T l, T2 and 

T3) during the translational stage of the FSW process. These measurements were taken at 

identical locations that the thermocouples were positioned during experimental testing. 

Each FE temperature measurement was taken 32.5mm away from one another; all were 

parallel and 15mm from  the jo in t line as shown in Figure 92 pg 97.

Similar to  experimental temperature measurement (Figure 83 and Figure 93), 

FEM temperatures reached steady state values during tool translation. Figure 156 shows 

the direct comparison between the experimental temperature and the FEM predicted 

temperatures. The maximum FEM temperature was 245°C, whereas the maximum 

experimental temperature was 262°C. This equates to a temperature difference of 

approximately 20°C and demonstrates a reasonable good correlation between the 

experimental and FEM predicted maximum temperatures.

However, the thermal flow ahead of the tool and behind the tool after it passes 

the thermocouple location seems to be greater for the experimental results. The FEM 

temperature does not increase significantly until the tool is -20mm from the 

thermocouple location, whereas the experimental temperature increases gradually at - 

40mm from the thermocouple location. Also, the FEM temperature decreases at a greater 

rate compared to the experimental temperature after the tool has passed the 

thermocouple location. This can be attributed to the flow  stress equation implemented 

into the model describing the workpiece material which is critical as the temperatures, 

stresses, strains and strain rates are all determined from the chosen flow  stress equation. 

Although the chosen flow  stress equation correlated best w ith experimental results, 

additional refinement of the equation constants may further improve the model.
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Figure 156: Comparison o f experimental temperatures to  those predicted by Deform.

Force Validation

Comparison of the experimental and FEM vertical force, welding force and torque 

measurements are shown in Figure 157, Figure 158 and Figure 159 respectively. Similar to 

the experimental results, both the vertical force and torque reach maximum values 

during the plunge and dwell stages at shoulder contact. Also, all FEM forces reached 

steady state values during tool translation. The large number of peaks and troughs 

present in all the predicted forces are due to  the in term ittent contact between the tool 

and the workpiece nodes coupled w ith the large amount of remeshing required to 

maintain mesh integrity.
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Of all t h e  FEM predic ted  p a r a m e t e r s ,  t h e  t o r q u e  co r re la ted  b e s t  wi th 

ex p e r im e n ta l  results.  Slightly larger  vertical  and weld ing fo rces  w e r e  p re d ic ted  by t h e  

m o d e l  c o m p a r e d  to  t h e  ex p e r im en ta l  results.  This could b e  a t t r i b u t e d  to  t h e  lower  

t e m p e r a t u r e s  p re d ic ted  by t h e  m od el  which may r e d u ce  t h e  so f ten ing o f  t h e  work p iece  

an d  resul t  in larger  forces .  However ,  a m o r e  r e a s o n a b le  exp lana t io n  is t h a t  t h e  f low s t r es s  

e q u a t i o n  d o e s  n o t  exact ly r e p r e s e n t  t h e  b eh a v io u r  of  t h e  a lum in iu m  w ork p iece  exact ly 

dur ing t h e  welding.
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Figure 157: Com par i sons  of  ex p e r im en ta l  and FEM vertical  for ce
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Overall, the results from the DEFORM 3D model correlated well with 

experimental results and gave a good representation of the FSW process. Variation of the 

operational parameters (rotational and translational) w ithin the model accurately 

represented the changes in the temperatures and loads recorded during experimental 

testing. As a result, it is proposed that the model can be used with some confidence to 

predict, w ith reasonable accuracy the temperatures and forces for different workpiece 

thickness, tooling designs, operational parameters and provide information on machine 

requirements. Furthermore, post processing analysis can predict material flow  pattern, 

stresses, strains and thermal distribution, all of which would not be possible or difficult to 

measure experimentally.

4.9.2 FEM Thermal Analysis;

The FE model enabled prediction of the temperatures w ith in the weld zone and also 

throughout the tool and backing plate. All of which could not be measured accurately by 

experimental techniques. Figure 160 illustrates the thermal flow  through the workpiece 

and the tooling. As expected, the tool shoulder is subjected to higher temperatures (500+ 

°C) than the tool pin (380°C) because it is the primary source of heat generation (section 

4.3.3). Temperatures w ith in the workpiece reach maximum values of approximately 

400°C along surfaces in contact w ith the tool shoulder, but are significantly lower than 

corresponding temperatures recorded along the tool shoulder. Therefore, it is critical that 

the tool shoulder material has excellent strength at elevated temperatures to prevent 

damage to the tool.
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Another observation is that the tool acts as a local heat source generating little 

thermal flow  throughout the workpiece outside the vicinity of the tool. Experimental 

results also highlighted this lack of thermal flow  throughout the workpiece and this may 

be attributed to the large quantities of heat being conducted through the tooling and 

backing plate. Evidence for this can be seen in Figure 160 and Figure 161 which illustrate 

thermal flow  throughout the tool and backing plate respectively.

Figure 160: Thermal flow  through workpiece and tool

Figure 161: Thermal flow through the backing plate

165



The te m p e ra tu re  across the  cross sectional area of the  workpiece just a fter the  

tool has past is shown in Figure 162. As expected, tem peratures  within th e  nugget are  

greatest along the  cross sectional area. This high heat generation is necessary, along with  

plastic deform ation , to form  the  recrystallized nugget zone with  the  T M A Z region. The 

heating effect of the  shoulder decreases with  increasing distance from  the  top  surface  

and results in a V-shape therm al distribution region. A similar in shape was observed  

during macrostructure analysis in section 4.6.

Figure 162: Therm al f low  along workpiece cross sectional area
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4.9.3 FEM Material Flow:

Using DEFORIVI 3D it was possible to  m onitor the  f low  of material during the  FSW process. 

This could be achieved experim entally  by em bedding metal tracer particles into the  

workpiece at various positions and then using X-ray radiography to  exam ine the  position 

o f the  particles a fter  the weld is com pleted. However, this process is expensive, t im e  

consuming and only reveals the  final position of the  particles com pared to  the  DEFORM  

m odel which can m onitor the  position of each particle through each revolution of the  

tool.

The material f low  along the  top  surface of the  workpiece is illustrated in Figure 

163. As expected, the  tool shoulder dom inates the  flow of materia l over this region. 

Focusing on stage (a), points 6 - 1 1  and points 23-25  are initially in contact with the  

shoulder surface. Following these particular points through each stage it is evident that  

the  therm al softened material is transported by the  shoulder in the  direction of rotation  

and deposited in the  cavity of the  concave shoulder as seen in stages (e) and (f). The  

m ateria l within this cavity acts as a reservoir to  supply sufficient materia l to  close/plug  

the  hole form ed  by the  tool pin. The forging action of the  tilt angle and rotation of the  pin 

compresses the material d ow nw ard  to  fill the  hole. O ther points w ith in  the  ou ter vicinity 

of the  tool shoulder accum ulate along the  periphery of the  shoulder sides and represent  

m ateria l flash as shown in stages (e) and (f).

A plan v iew  of the  material f low  along mid thickness depth of the  workpiece is 

illustrated in Figure 164. The material f low  within this region is dom inated  by the  tool pin. 

As the pin traverses, points which are close to  the  peripheral edges of the  pin are swept in 

th e  direction of rotation and deposited behind the  tool. Points tend to  accum ulate near 

th e  jo in t centreline behind th e  pin in chaotic arrangem ent. This indicates the  mixing and 

consolidation of the  tw o  workpiece materials.
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A longitudinal v iew  o f th e  predicted m ateria l flo w  vertically  through the  

w orkpiece thickness is illustrated  in Figure 165. Results clearly indicate th a t th e re  is 

vertical flo w  o f the  w orkp iece m ateria l during the  FSW process. As th e  tool traverses  

fo rw ard , m ateria l along th e  leading edge of the  pin is draw n slightly up tow ards th e  tool 

shoulder and then forced dow nw ards along the  trailing edge of th e  pin plugging th e  hole  

le ft in the  too l w ake.

Figure 165: M ateria l flow  vertically

In section 4 .5 .2 , it was shown th a t g reater w eld strength was recorded for the  

square and triflu te  pin designs com pared to  the  cylindrical and tap ered  pins. This was 

a ttrib u te d  to  th e  featu res  on these pins which increased th e  am o u n t of m aterial 

d efo rm ation  and stirring o f th e  w orkpiece plates to g eth er. Evidence fo r this can be seen 

in th e  FE m odel. The m ateria l flo w  along mid thickness depth  o f th e  w orkpiece fo r the  

th read ed  and cylindrical pins is illustrated in Figure 166. It is eviden t th a t th e  threaded  pin 

produces a m ore tu rb u len t flo w  in th e  tool w ake, which increases th e  mixing and 

in tegration  o f th e  w orkpiece m aterials. Further evidence fo r this can also be seen by 

exam ining th e  displaced contours left in the  tool w ake fo r both pins. The cylindrical pin 

produces considerably less d isplacem ent (plastic d e fo rm ation ) of th e  w orkp iece m ateria l.

170



4̂ rao pw P20 f'W

/
n<

^2 ""
f ^ 3  r a  P4# 

»»t4 ^  ^4 «

P I *  PJ1 ^4T

P12 PW PM

F13 P »  P4e

PU P »  ^49

P *1 P<T
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4.9.4 FEM Stress and Strain Predictions:

Measuring the stresses and strains that occur during the FSW process is difficult, but the 

development of an accurate fin ite element model of the process enables relatively 

accurate predictions of both the magnitude and location of the most predominant stress 

and strains occurring during the process. However, the DEFORM 3D version used during 

this project (version 5.1) only enabled the prediction of stresses and strain occurring 

throughout the workpiece and not the tooling or the surrounding clamping. However, this 

may be possible using a more recent version of DEFORM 3D.

Figure 167 illustrates the strain occurring along the cross sectional area of a

friction stir weld just after the tool have passed and consolidated the workpiece material

together. Analysis o f the strain value can help predict the location and size of the

different weld zones formed by the FSW process. As expected strains are largest within

the TMAZ as grains within this region are directly subjected to  mechanical deformation.

Significantly larger strains are generated along the central region of the TMAZ (shown in

red) and represent the recrystallized nugget region. Minimal strains are predicted in the
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HAZ and these can be a ttrib u ted  to  grain grow th due to  the  e levated  tem p eratu res  w ith in  

this region. The resulting V-shape of the  strain contour is rem arkably similar to  the  

d iffe re n t w eld zones th a t w ere  revealed during m acrostructural analysis in section 4 .6.

Parent Matartal

Figure 167: Cross sectional v iew  o f the  strain in the  w eld  zone

Sim ilar to  th e  predicted d isplacem ent of the w orkpiece m ateria l, larger strain 

values along the  cross sectional area of the  w eld just a fte r the  tool has passed w ere  

predicted  fo r the  th read ed  pin com pared to  th e  cylindrical pin. This is illustrated in Figure 

168. Again this highlights th e  increased w orkpiece m ateria l defo rm ation  and mixing 

produced by th e  threaded  pin com pared to  the  cylindrical pin as m entioned  in section 

4 .9 .3 .

Threaded (triflu te ) pin Cylindrical pin

Figure 168: Effective strain fo r d iffe ren t pin designs

172



A longitudinal v iew  o f th e  effective stress acting w ith in  th e  w orkpiece is 

illustrated  in Figure 169. Large stresses are predicted near the  trailing  edge of the  tool, 

specifically w h ere  th e  shoulder is plunged into th e  w orkp iece surface. This can be 

a ttrib u te d  to  th e  large vertical force (section 4 .4 .1 ) required  to  produce th e  forging action  

on th e  w orkp iece necessary to  produce a consolidated w eld . Large stresses w ere  also 

predicted  around th e  pin, these can be a ttrib u ted  to  the  w eld ing  force (section 4 .4 .2 )  

acting against th e  tool pin as it traverses along th e  jo in t line. A lthough DEFORM was not 

capable o f predicting the  stresses acting on th e  too l, an exam ination  o f th e  location of 

stresses acting on th e  w orkpiece can give a good indication o f w h ere  th e  tool is most 

likely to  fail due to  frac tu re  or w ear. The FE m odel indicates th a t th e  too l shoulder is most 

like to  fail befo re  th e  tool pin due to  the  larger stresses and tem p era tu res  generated in 

these regions. Experim ental results also indicate th a t the  w eld ing force was not 

significant enough to  cause pin failure, even at high translational speeds o f 5 0 0 m m /m in . 

T h ere fore , during FSW o f A A 2024-T3 plates o f 4 .82 m m  thickness, w ear o f th e  tool 

shoulder is m ostly likely to  occur before e ith e r pin w e ar or fracture .

In section 4 .3 .5 , reduction of the  forces acting on th e  FSW tool was partly  

attrib u te d  to  increased softening of the  w orkpiece m ateria l due to  increased heat 

generation . Evidence of this can be seen in Figure 170 which illustrates the  tem p era tu re  

and stress w ith in  th e  w orkpiece during plunging o f th e  too l. It is clearly evident th a t as 

th e  tool is plunged d eep er into th e  w orkpiece and th e  te m p e ra tu re  increases, the  stress 

decreases significantly.

Figure 169: Longitudinal v iew  o f e ffective  stress



Figure 170: Effective s tress at  different  t em pera tu re s
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4.10 Summary of Results and Discussion:

Process Specification on Plunge Depth and Pin length

When using the scrolled shoulder the optimal plunge depth was reached when the 

shoulder was plunged 0.3 -  0.5 mm into the workpiece surface. However, when a 

concave shoulder was used the optimal plunge was reached when 70 -  80% of the 

shoulder was in contact w ith the workpiece surface. An insufficient plunge depth 

produced welds w ith visible cracking and/or surface voids along the top surface. Whereas 

an excessive plunge depth produced excess flash and higher tool/machine forces. The 

optimal pin length was achieved when the clearance distance between the tip of the pin 

and the root of the weld during FSW was maintained at 0.1 -  0.2 mm. An Insufficient pin 

length resulted in the formation of root flaws and an excessive pin length increased the 

risk of the tip of the pin striking the backing plate and damaging the tool.

Tooling Design and Performance

Four d ifferent pin designs (Triflute, Square, Cylindrical and Tapered Cylindrical), all having 

an effective dynamic area of 38.48 mm^ when rotating, were used during FSW testing. 

The features on the trifiu te  pin (flutes and threads) and the fla t faces of the square pin 

increased the amount plastic deformation and mixing of the two plates and as a result 

produced stronger welds compared to welds produced using the cylindrical and tapered 

pin designs. The cylindrical and tapered pins did not have any flutes or fla t faces to 

produce any enhanced stirring effect and consequently a lot of the plasticized material is 

simply allowed to extrude around the smooth sides of the pin. As a result tools having a 

smooth pin surface area w ill produce less mixing o f the workpiece material, thereby 

resulting in a weaker weld. Further evidence of inadequate mixing o f the workpiece 

material was found during subsequent microstructural analysis (evidence of tunnel flaws, 

root flaws, smaller nugget zones and TMAZ) for the cylindrical and tapered pins. The 

simple square shape produced equal, and in some case better, weld properties than the 

more expensive complex triflu te  shape.
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The th ree  flute design of the  tr if lute  pin reduces the  volum e of tool pin material 

and can increase the  risk of pin failure when welding thicker or denser materials. 

Therefore , when pin failure becomes a limiting factor in FSW the tr if lu te  pin design may  

not be appropriate. A recom m ended pin design from  the results produced during this 

project is one which has flats, threads and a tapered  machined onto  it. The flats and 

th read ed  features which p ro m o te  a stirring action similar to the  square and tr if lu te  pin. 

The tap e r  and flats (instead of flutes) will provide greater strength and stability when  

weld ing thicker or m ore dense workpiece plates together.

Tw o d ifferent shoulder designs (Concave and Scrolled) and tw o  different  

shoulder d iam eters (18m m  and 22m m ) w ere  also investigated. Although no significant 

difference in weld strength was recorded for the  Concave and Scrolled designs, higher 

translational speeds w ere  recorded when using the  scrolled shoulder due to  a reduction  

in tool lift. Also, welding w ith  a zero tilt angle was possible w hen  using a Scrolled 

shoulder. Due to these advantages the scrolled shoulder is more preferable . Increased 

weld strength and elongation w ere  recorded using the  18m m  shoulder d iam eter  

com pared to the  22m m  diam eter . This was a ttr ibuted to  the  therm al dam age caused by 

the  2 2 m m  shoulder which resulted in a higher heat input w ith  a slower cooling rate which  

can cause partial reversal of th e  heat t re a tm e n t  the  alloy initially underw ent, tem pering  

and softening of grains and severe clustering of CuAI precipitates.

Overall a com bination of an 18m m  scrolled shoulder design with  e ither a triflute  

or square Pin is recom m ended because of increased strength and ductility, increased 

translational speeds and increased flexibility during non-linear welding of 4 .8 2 m m  thick  

A A 2024-T3  plates.

Heat Generation and Temperature Measurement

A com bination of Type K therm ocouples and a therm al imaging cam era was used to  

m onitor th e  heat generation occurring during FSW testing. During the  translational stage 

of the  process, therm ocouples placed at identical distances from  the jo in t line indicated  

steady state tem p e ra tu re  m easurem ents. The translational speed was found to have a 

greater effect on heat generation than the  rotational speed. However, this was a ttr ibuted  

to  the  relatively small 18m m  shoulder d iam eter  which reduced the heat generated  due to
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rotation. However, higher temperatures were recorded when the 22mm shoulder 

diameter was used due to increased surface area contact w ith the workpiece surface and 

greater peripheral velocities. In general, larger temperatures were recorded for low 

translational speeds and high rotational speeds.

The tool shoulder was found to be the primary source of heat generation and the 

tool pin the secondary source generating approximately 93 % and 7% respectively of the 

tota l heat. As a result, the tool pin design did not have a significant effect on the 

temperature recorded. Results on the thermal flow  indicated that the tool acts as a local 

heat source generating little  thermal flow  throughout the workpiece. This was attributed 

to large thermal conduction through the backing bar and tool which act as major heat 

sinks. Therefore, in future work methods of temperature control could focus on a cooling 

system incorporated into the design of the backing bar, to focus on the path followed by 

tool. Or even a cooling system w ithin the tool itself.

Force Monitoring

A Kistler Rotating 4-Component Dynamometer was used to measure the forces acting on 

the tooling/machine during welding. Both the vertical force and the torque reached peak 

values during plunging of the tool when the shoulder makes contact w ith the workpiece 

surface. Therefore developing new techniques of tool entry and tooling design may help 

reduce these peak values. Similar to the temperature measurement all the forces (vertical 

force, welding force and torque) were found to reach steady state values during the 

translation of the tool.

The vertical force was the largest force encountered and is therefore the lim iting 

factor in FSW machine design. A reduction o f the peak vertical force was achieved 

through increased rotational speeds and a reduction in plunge rates. However, low 

plunge rates increase production time which is not desirable for industrial applications. 

Nevertheless, it is possible to use a large rotational speed during the plunge and dwell 

stages to reduce the maximum vertical force and then switch to a lower optimal 

rotational speed (promote optimal weld strength) during the translational stage. Also, a 

reduction in the peak vertical force was achieved using a triflu te  pin design. This was due
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to  th e  increased m ateria l defo rm ation  produced by its threaded  and flu te  design, and also 

due to  its sm aller volum e com pared to  th e  o th er pin geom etries. The translational speed  

was found to  have the  most significant e ffect on th e  steady state  vertical force. A 

reduction in th e  vertical force was recorded fo r low translational speeds due an increase 

in heat generation . H ow ever, again this reduced speed will increase th e  production tim e  

o f th e  process. Larger vertical force values w ere  also recorded w hen the  shoulder 

d ia m ete r was increased from  18m m  to  22m m  and also w hen the  plunge depth was  

increased. An overv iew  o f th e  param eters influencing th e  vertical force is given in Figure 

171.

R o ta tio n a l
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S h o u ld e r P lunge 

D epth

Vertical Force

M a x im u m  V e rtica l Force
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fo rce  w ith  increas ing  
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Figure 171: O verv iew  of param eters influencing th e  vertical force

The m agnitude o f the  w eld ing force was significantly low er than th e  vertical 

force and is th e re fo re  not a lim iting fac to r in term s of FSW m achine design. Also, tool 

frac tu re  did not occurring during this project even at a high translational speed of 

5 0 0 m m /m in  and hence th e  translational speed was not lim ited by too l frac tu re . H ow ever, 

it is expected th a t th e  risk o f tool fracture  will be m ore significant fo r larger w orkpiece  

thicknesses as th e  too l w ill encounter g reater resistance. The translational speed was 

found to  have th e  m ost significant e ffect on th e  w eld ing force, large increases in the  

w eld ing force was recorded w ith  increasing translational speeds. A reduction in the  

w eld ing force was also recorded w hen using the  tr iflu te  and square pins com pared to  the
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cylindrical and tapered pins. Therefore tool pin designs which enable the workpiece 

m aterial to be processed more efficiently can be identified by monitoring this force. 

Slightly larger welding force was also recorded when the plunge depth and shoulder 

diam eter were increased. An overview of the parameters influencing the welding force is 

given in Figure 172.

Shoulder Plunge 
D epth

Welding Force

In itia tes  durin g  th e  
tra n s la tio n a l stage

18m m shou lder d iam e te r 

to o ls  deve loped s ligh tly  
lo w e r w e ld ing  forces th a n  

to o ls  w ith  a 22mm 
shou lder

w e ld ing  fo rce  increased as 
th e  p lunge dep th  

(shou lder de p th  in to  
w o rkp iece ] was increased

T ransla tiona l speed had 
th e  largest effect. The 
w e ld ing  fo rce  increaed 

s ign ifican tly  w ith  
increasing tran s la tion a l 

speed

Pins w ith  fea tu res  associated w ith  
increased m a te ria l d e fo rm a tio n  
(T riflu te , Screw Threaded and 

Square) processed th e  m ate ria l 
ahead o f th e  to o l m ore  e ffic ien tly  
resu lted  in lo w e r w e ld ing  forces. 
S m oo th  cy lin d rica l to o l resulted 

in h igher max ve rtic a l forces

Figure 172: Overview of the parameters influencing the welding force

Changes to the rotational speed were found to  have the greatest effect on the 

tool torque compared to the other operational parameters. This was expected as torque  

is a rotary force measurem ent. Large reductions in both the maximum and steady state 

torque values w ere recorded when the rotational speed was increased. Lower plunge rate 

and translational speeds also resulted in a reduction in torque. However, this resulted in 

increased production times which are not desirable for industrial applications. Variation 

in the pin design did not have a significant effect on the torque, however, increasing the 

shoulder d iam eter and plunge depth did result in larger torque values. An overview of the  

param eters influencing the torque is given in Figure 173.
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Figure 173; Overview of the parameters influencing the torque

Post Weld Analysis

Post weld analysis consisted of tensile tests, m icrostructural analysis and 

microhardness testing fo r a range of welds fabricated using different operational 

parameters in order to establish a processing window for the appropriate operational 

parameters to achieve optimal results. The results confirmed that a processing window 

does exist and that variation o f the operational parameters leads to a progressive change 

in the weld strength rather than random erratic results. Optimal weld strength (above 

85% - 95% of that o f the parent material) was achieved using a translational speed in the 

range 125 -  250 mm/m in combined with a rotational speed in the range of 355 -  560 

rpm. Operational parameters outside this range resulted in thermal damage due to 

overheating, tunnels voids and surface defect due to either excessive or inadequate 

material deformation, all of which resulted in a reduction in weld strength.

These optimal parameters disagree with previous researcher who generally

implements higher rotational speed between 1200 -  2140 rpm and translational speeds

between 40 -  75 mm/min, perhaps w ith the idea that lower translational speeds and

higher rotational speeds will produce more mixing o f the workpiece material and hence

produce stronger joints. However, the weld achieved jo in t efficiencies of only 60 -  76% of

the parent material. The parameters identified during this research not only produce
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greater weld strength but also reduce the energy input and the process time. From these 

results it is clearly evident that the amount of mechanical energy required to thermally 

soften and mix the workpiece material together has been over estimated by previous 

researchers.

Repeat testing was found to be relatively consistent w ith a maximum standard deviation 

of approximately 7%. However, none of the welds retained similar ductility to that of the 

parent material. This can be attributed to the complex grain structure and thermal 

damage produced during the friction stir welding process leading to a heterogeneous 

composite structure which posses different mechanical properties throughout the weld 

zone. Translational speeds above 250mm/min did not allow sufficient time for the rotary 

action of the tool to produce a consolidated weld and hence large tunnel voids were 

visible along the surface of the workpiece. Therefore, high translational speeds are 

lim ited by the form ability of the workpiece and hence tooling designs which can process 

the workpiece material more efficiently may be capable of welding at higher translational 

speeds.

Microhardness testing and microstructural analysis revealed a complex weld

region that varied along the w idth of the cross sectional area (due to the difference in size

of the shoulder and pin) and also through the thickness o f the workpiece (due to the

action of the shoulder decreasing w ith workpiece depth). Using the results from

microhardness tests it was possible to predict the approximate weld strength and the

fracture location. Provided no defects were present, fracture occurred in the region of

lowest harness which was most commonly found in the transition from the TMAZ to the

HAZ. This weakness was attributed to dissolution, coarsening and overaging of the

strengthening precipitates due to the thermal cycle w ithout recrystallization occurring in

this region. Variation of the rotational and translational speeds had the most significant

effect on the microhardness. A reduction in the size of the TMAZ - HAZ region w ith an

increase in hardness was found for high translational speeds due to a reduction in heat

input. However, as mentioned previously tunnel defects occurred at high translational

speeds. Therefore it is expected that improved tooling designs that will enable the

workpiece material to be processed more efficiently w ill not only increase production

times but w ill also improve the weld strength. High rotational speeds increased the
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hardness in the nugget region due to  increased material deformation but this also 

reduced the hardness and increased the size of the TMAZ -  HAZ region due to increased 

heat input. A weld w ith a more uniform microstructure (similar to the parent material) 

would be ideal. Transition towards this could be achieved by reducing the amount of 

softening occurring in the TMAZ -  HAZ through a reduction in shoulder diameter and 

hence heat input. Another alternative would be to investigate the possibility o f welding 

w ith a non-rotating tool shoulder.

Finite Element Model

A full 3D fin ite element model of the FSW process was created using DEFORM 3D. The 

flow  stress equation developed from the Johnson Cook material law gave the best 

representation of the process. The model was validated by comparing experimental loads 

and temperatures to those predicted by the model. The Deform 3D model correlated well 

w ith experimental results and gave a good representation of the FSW process. Similar to 

experimental results, both the torque and vertical forces reached peak value during the 

plunge stage, and all forces and temperatures reached steady state value during the 

translational stage. However, temperatures predicted by the model were slightly lower 

than experimental temperature and the loads were slightly greater. Additional 

refinement of the constants in the flow stress equation may further improve the model.

The model was capable of predicting the thermal flow  throughout the entire 

workpiece, the tooling and the backing plate. The model could also predict the stresses, 

strains and material displacement within the workpiece. Maximum temperature and 

stress were predicted through or around the vicinity of the tool shoulder. This indicates 

that the tool shoulder is more like to fail due to wear before the tool pin. Therefore, it is 

critical that the tool shoulder material has excellent strength at elevated temperatures to 

prevent damage to  the tool.

Thermal flow  and strain contours along the cross sectional area of the workpiece 

gave an indication of the location and size of the different weld zones. Large strains and 

temperatures were predicted within the Nugget zone and TMAZ due to  dynamic 

recrystallization and plastic material deformation w ith in these zones. The shape of the
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contours was remarkably similar to the different weld zones that were revealed during 

macrostructural analysis.

The model also proved useful in predicting the effect of tool shape on the 

material flow  during the FSW process. Pin designs w ith features such as a threaded pin 

produced a more turbulent flow in the tool wake, which increases the mixing and 

integration o f the workpiece materials compared to a smooth cylindrical pin design. 

Greater straining and displacement of the workpiece material was also predicted by the 

threaded pin. This correlated well w ith experimental tensile tests, where greater weld 

strengths were achieved by welds produced by pin w ith features such as the triflu te  and 

square pins compared to smooth pins such as the cylindrical and tapered pin design.
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Chapter 5 

Conclusions and Future Work

5.1 Conclusions:

When this project was initially undertaken the primary objectives were as follows:

1. Development of a FSW rig that can accommodate a range of d ifferent research 

instrumentation to m onitor the FSW process.

2. Develop specific guidelines on how the FSW process should be implemented with 

respect to the chosen workpiece material.

3. Design, manufacture and test a number of complex tooling designs to  determine 

which tooling arrangement produces optimal results.

4. M onitor the temperatures occurring during the process to get a better 

understanding of heat generation and thermal flow.

5. Characterize the forces and temperatures occurring during the process to get a 

better understanding on tooling/machine design and requirements

6. Develop a processing window for a range of different operational parameters to 

determine the ir effect on the resultant welded jo int.

7. Develop a fully couple thermo mechanical FE model capable of modelling the FSW 

process.
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The conclusions taken from this project are outlined below:

1. FSW Rig: A Correa vertical milling machine was modified to perform the FSW 

process during this project. A Kistler rotating 4-component dynamometer was 

incorporated on the welding rig to record the forces acting on the tool and 

machine, and a combination of type K thermocouples and infrared camera were 

used to record the temperature.

2. Optimal Plunge Depth and Pin Length: Process specifications on the optimal 

plunge depth and pin length were established. When using the scrolled shoulder 

an optimal plunge depth was reached when the shoulder was plunged 0.3 -  0.5 

mm into the workpiece surface. However, when a concave shoulder was used an 

optimal plunge was reached when 70 -  80% of the shoulder is in contact w ith the 

workpiece surface. An optimal pin length was found when a clearance distance of 

between 0.1 -  0.2 mm was maintained between the tip  o f the pin and the root of 

the weld during FSW.

3. Optimal Tooling Design: A number of different tool pin and shoulder designs were 

tested. A tool consisting of an 18mm scrolled shoulder w ith a triflu te  or square pin 

design is recommended in terms of: increased strength and ductility due to 

increased plastic deformation, increased material processing and a reduction of 

the HAZ, increased translational speeds due to a reduction in tool lift and 

increased flexibility during non-linear welding.

4. Temperature Monitoring: Steady state temperatures were measured during the 

translational stage. The translational speed was found to have a greater effect on 

heat generation than the rotational speed when an 18mm shoulder was used. 

However, higher temperatures were recorded when the 22mm shoulder diameter 

was used due to  its increased surface area contact and greater peripheral 

velocities. The tool shoulder was identified as the primary source of heat 

generation and the pin a secondary source. Results on the thermal flow  indicated 

that the tool acts as a local heat source with significant thermal conduction 

through the backing plate and tooling.
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5. Force Monitoring: All the forces acting on the FSW tooling/machine were 

measured and the magnitude of their impact on the process was established. The 

effect of varying the operation parameters and tooling design on the tool forces 

was also determined to  help identify methods of reducing these forces and 

enhancing tooling designs. Both the vertical force and the torque reached peak 

values during the plunging of the tool. All forces (vertical force, welding force and 

torque) were found to reach steady state values during the translation of the tool. 

The largest force encountered was the vertical force and is therefore the limiting 

factor in FSW machine design. The main factors influencing the vertical force were 

the translational speed, shoulder diameter and plunge depth. The magnitude of 

the welding force was significantly lower than the vertical force and was not large 

enough to cause pin fracture. Therefore the welding force is not the limiting factor 

in machine design or increasing the translational speed. The main factors 

influencing the welding force were the pin design and translational speed. Also, 

tool pin designs that enable material to be processed more efficiently can be 

identified by monitoring the welding force. Measurement of the torque gave an 

indication of the weld power input. Changes to the rotational speed were found to 

have the greatest effect on the torque compared to the other operational 

parameters.

6. Processing Window and Post Weld Analysis: A processing w indow was developed 

to  determine which operational parameters should be implemented to achieve 

optimal results. Optimal weld strength (85 -  95% of that of the parent material) 

was achieved using a translational speed in the range 125 -  250 mm/min 

combined w ith a rotational speed in the range of 355 -  560 rpm. These 

parameters not only produce greater weld strength but also reduce the energy 

input and the process tim e compared to previous research which recommends 

higher rotational speeds and lower translational speeds. From these results it is 

clearly evident that the amount of mechanical energy required to  thermally soften 

and mix the workpiece material together has been over estimated by previous 

researchers. Repeat testing was found to be relatively consistent with a maximum 

standard deviation of approximately 7%. However, welds did not retained similar 

ductility to that of the parent material due to the complex heterogeneous weld
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structure produced with grains of different shapes and sizes w ith in the different 

weld zones. Further improvement to  weld strength and in particular the ductility 

can only be achieved by reducing the heat input and producing a more uniform 

grain structure throughout the different weld zone.

7. Finite Element Analysis: A 3D model of the FSW process was successfully 

modelled using the finite element package Deform 3D. The model correlated well 

w ith experimental results and gave a good representation o f the FSW process. As 

a result, the model could be used to accurately predict the temperatures and 

forces for different workpiece thickness, tooling designs, operational parameters 

and provide information on machine requirement. The model was capable of 

predicting the thermal flow throughout the workpiece, tooling and backing plate. 

The model could also predict the stresses, strains and material displacement 

w ith in the workpiece. The FE model predicted that tool failure is most likely to 

occur by wearing of the tool shoulder due to the large stresses and strain 

predicted along the tool shoulder. The shape, location and size o f the different 

weld zones were predicted by examining the strain and temperature contours 

along the cross sectional area of the weld. The model also proved useful in 

predicting the effect of tool shape on the material flow  during the FSW process. 

Greater straining and displacement of the workpiece material was predicted for 

tool pin w ith features compared to smooth pin designs. This correlated well with 

experimental results.
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5.2 Recommended Future Work:

Joining Aircraft Stringers to Skin Panels

The work presented throughout this project focused on the FSW of AA2024-T3 plates in a 

butt jo in t configuration. The main aerospace application of this type of process would be 

in the joining of aircraft skin panels together along the wingspan and fuselage. However 

another area of particular interest within the aerospace industry is the joining of aircraft 

stringers to skin panels. AA7075 is typically used fo r the aircraft stringer due to its greater 

strength compared to other series of aluminium alloys and as shown w ithin this project, 

AA2024 is commonly used for aircraft skin panels. At present, these components are 

joined using rivets in a lap jo in t configuration. Future work could focus on the feasibility 

of friction stir lap welding of AA7075 stringers onto AA2024 skin panels (Figure 174). This 

research would present greater challenges than the present project as it would involve 

the FSW of dissimilar materials and also the welding of lap joints which are more prone to 

defects such as hooking, root flaws, top plate thinning and voids compared to butt joints.

AA2024Skin  

i .......

AA7075 Stringer

Figure 174; Lap jo in t of AA7075 stringer onto AA2024 Skin
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Controlling Large Vertical Forces

One o f the  key limitations highlighted during this project concerned the  large vertical 

forces required to  produce a good quality weld. The vertical force is the  limiting factor in 

machine design as adequate  strength, power, stability and size is required to  deliver and 

support these forces. Furtherm ore, a backing plate is required to  support the  reaction  

force and this adds to  the  complexity of the  welding rig and reduces the  flexibility of the  

process. A recent tool developm ent by TW I is the  Bobbin Tool (Figure 175) which has tw o  

shoulders acting on both the  top  and bottom  surfaces. The tw o  shoulders are jo ined by 

the  tool pin from  which rotation and torque is transm itted  from  the  upper shoulder to  

the  low er shoulder. The tool enters the  workpiece from  a horizontal position ra ther than  

a vertical position which was em ployed during this project. The shoulders react against 

one another, the reb y  reducing the vertical force to  approxim ate ly  zero and removing the  

need for a backing plate enabling more flexible applications and smaller machinery. The  

tw o  shoulders also supply a uniform heat input which helps reduce distortion and also 

prevents the  occurrence of root flaws. Similar to  the  tr if lu te  pin and scrolled shoulder 

design, the re  is only a limited am ount of research and in form ation  on the  perform ance of  

the  Bobbin too l as TW I tends to  keep the ir  most recent/advanced  tooling designs and 

results confidential to companies holding one of the ir  FSW licences. Even papers tha t  do  

report on the  use of the  Bobbin tool do not give any great detail of the  design, 

operational param eters, results and process specifications. Therefore  fu ture  w ork could 

also focus on the  design and testing on a Bobbin tool design.

Upper
shoulder

Workpiece 
to be welded

Pin
Lower
shoulder

Figure 175: Schematics of FSW Bobbin tool
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Finite Element Modelling
Future work could also focus on improving the 3D FE model through further refinement 

of the material constants within the flow  stress equations and using a more recent 

version of the package such as DEFORM 3D version 10.1. This may reduce computational 

time and the ability to simulate more complex tooling. DEFORM could also be used to 

model the lap joining of dissimilar materials and the Bobbin tool as mentioned in the 

previous two sections.
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Chapter 7 

Appendices

7.1 FSW Rig Detailed Drawing:
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7.2 Detailed Drawing of Tooling:
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Abstract:
Force measurem ent in Friction Stir Welding (FSW) provides a significant insight into 
the process in terms of machine and tool limitations and design. In the present 
research the tool forces were investigated experimentally using a rotating component 
dynamometer and through the development of a finite element model. The model 
correlated well with experimental temperatures and tool forces were capable of 
predicting tool forces for different welding parameters, predicting regions were tool 
failure is likely to occur and identifying tool pin designs which can process the 
workpiece more efficiently.

Keywords:
Friction Stir Welding (FSW), Force, Finite Element Modelling

1. Introduction

Friction stir welding (FSW) was experimentally proven at The Welding Institute 
(TWl) in 1991 and has become a relevant technology aimed at joining materials that 
are so called difficult to weld or even unweldable [1-2]. The process involves the 
joining of two metal pieces without melting by joining their molecules together. The 
tool traverses along the joint causing sufficient frictional heat to soften the material 
and rotation of the tool then stirs the molecules together leaving behind a fully 
consolidated joint.

Due to its solid state nature FSW has many benefits over fusion welding techniques. 
However, its main advantage is its ability to weld all series of aluminium alloys, in 
particular the 2xxx series alloys. These alloys are used extensively within the 
aerospace industry for applications such as fuselage and wing skins panels due to 
their high strength to weight ratio. However, these alloys are mostly non-weldable 
using fusion welding methods due to problems with oxidization, solidification, 
shrinkage, sensitivity to cracking, hydrogen solubility and the resultant porosity 
problem [3]. Therefore, the majority of aircraft structural parts all tend to be 
mechanically joined using rivets. FSW offers a solution to welding these alloys and an 
alternative to riveting. FSW has many advantages over riveting which include: greater 
fatigue strength, increased structural rigidity and weight reduction.

The friction stir welding process can be described by three stages: plunge, dwell and 
translational stage. During the plunge stage a non-consumable rotating tool is slowly 
plunged into the joint line between the two materials to be welded. Once the tool 
reaches the required depth it is held in position for 5-20 seconds while still rotating,
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this is called the dwell stage. The purpose of this stage is to soften the workpiece 
material ahead of the tool before welding. During the translational stage the tool 
traverses along the jo in t line of the two workpiece plates leaving behind a fully 
consolidated weld.

Process monitoring is an im portant application during the machining of aerospace 
components for detecting tool wear and failure [4]. FSW is sim ilar in nature to m illing 
operations but considerably larger forces are generated. The different tool and 
workpiece forces generated during the FSW process are illustrated in Figure 187. It is 
im portant to characterize the tool forces as a better understanding can promote the 
development o f improved tooling designs and clamping arrangements to help reduce 
machine complexity, size and power, and reduce operational costs and improve 
productivity.
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Figure 187; Forces acting on the Tool and Workpiece during FSW

To date there has been little  quantitative data published quantifying these forces. 
Melendez et al [5] used strain gages embedded into the workpiece to m onitor both 
the vertical and welding force. However the ir analysis did not measure the forces 
acting d irectly on the tool but rather the forces experienced by the workpiece. Yu 
Yang et al [6] developed an algorithm to detect a gap occurring between the 
workpiece plates during the FSW of AA2024 using a load cell. However, these authors 
only measured the vertical force generated. A number o f other authors [7-8] also 
recorded the vertical force occurring during the plunge stage when investigating 
Friction Stir Spot Welding [FSSP].

Furthermore, very few publications report on accurate numerical modeling of the 
forces generated during the process but rather report on the development of models 
validated by temperature comparison to experimental results to numerically predict 
the forces generated. Ulysse [9] presented a 3D FEM visco-plastic model for FSW of 
thick alum inium plates using FIDAP. This author validated the model by achieving a 
reasonable agreement between the predicted and the measured temperatures, and 
used the model to predict the forces acting on the tool pin. Colegrove and Shercliff 
[10] used a CFD commercial software for a 2D and 3D numerical investigation of the 
influences o f pin geometry during FSW. However, these authors reported poor 
prediction o f the welding forces. Buffa et al [11-12] are one o f the few authors 
reporting successful modeling of the FSW process using DEF0RM-3D. However, these 
authors only modeled a cylindrical smooth tool pin and also validated the model 
through comparison between the experimental and predicted temperatures.

The aim of this present w ork is to measure and fu lly characterise the different forces 
acting on the tool during the FSW of AA2024-T3 plates and to establish the magnitude 
o f the ir impact on the FSW process. This is achieved by experimentally measuring the 
tool forces using a rotating component dynamometer and developing a 3D model of
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the process capable of predicting the tool forces and tem peratures with a reasonable 
degree of accuracy.

2. Experimental procedure

Aluminium 2024-T3 plates (260mm x 80mm x 4.8mm) were friction stir welded 
using a butt joint configuration. All tools and clamping were manufactured from 
hardened AISl H-13 tool steel. The tool shoulder was concave, 18mm diameter and 
had a 7° recess angle. Two different pin designs were examined, a threaded 
cylindrical and smooth cylindrical each with a diameter of 6.5mm and a height of 
4.6mm. The welding param eters were as follows: rotational speed 450rpm, plunge 
speed 16mm/min, translational speed 9 0 ,180m m /m in and a 2° tool tilt angle. During 
welding, a distance of 0.2mm was maintained between the tip of the tool pin and the 
bottom surface of the aluminium plates to ensure a consolidated weld. The concave 
shoulder was plunged until approximately 80% of the shoulder was in contact with 
the workpiece surface.

A rotating component dynamometer was incorporated onto the welding rig to 
record the tool forces, the rig setup is illustrated is Figure 188. The dynamometer was 
capable of measuring the torque and forces in the X, Y, and Z directions. The forces 
were measured using piezo-electric crystals, the signals from which are continuously 
sampled at a rate of 7.8 kHz for each channel, and are processed through the Kistler 
9124B multi-channel signal conditioner. Ten type K thermocouples, 1.5mm diameter, 
were used to recorded tem peratures during testing. Holes 1.6mm diameter to a depth 
of 4mm were drilled 12mm away from the joint line and a high conductive thermal 
glue was used to endure the ends of the thermocouple probes remained in contact 
with the workpiece. Thermocouples were positioned 32.5mm away from one another 
and were placed 50mm from tool entry and exit points.

Figure 188: Kistler Dynamometer and FSW rig with thermocouples 

3. Finite element model

The finite element package DEFORM 3D was used to model the FSW process. The 
two aluminium sheets were modelled as a continuous block ra ther than two spate 
objects to avoid numerical contact instabilities that resulted from the discontinuities 
present at the edge of the two sheets. As the The rotating tool moves forward it welds 
a crack left behind the pin as it advances along the welding line. The model was 
broken down into the three experimental stages, plunge dwell and translational. The 
material properties for the workpiece, tooling and clamping were selected or inserted 
into the model. An absolute mesh density was chosen with tetrahedral elements 
approximately 5mm in length to mesh the workpiece and the Johnson-Cook material 
law was used as the flow stress equation. Mesh windows with elements 0.5mm in 
length were used to concentrate mesh density around the vicinity of tool pin and 
shoulder contact. Mesh windows were set to follow the tool path during thereby
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ensuring they remain active throughout the welding process. No boundary conditions 
or constrains were placed on the nodes of the workpiece so as not to impede any 
material flow. Therefore a box die meshed with tetrahedral elements 5mm in length 
was used shown to house the workpiece and simulate the experimental clamps. The 
two pin designs with a concave shoulder were meshed with tetrahedral elements 
0.4mm in length. The finite element model and different tool designs are shown in 
Figure 189.
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Figure 189: Finite element model and different tool designs
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Figure 190; Experimental force and temperate generation.

4. Experimental results

The three tool forces and the maximum temperatures that were recorded during 
testing are shown in Figure 190. Both the vertical force and torque reach peak values 
during the plunging of the tool into the workpiece when the shoulder reaches the 
target depth. However, both forces reduced significantly (approx. 35%] during the 
translational stage. Hence the tool can be susceptible to failure during the plunge 
stage. Therefore developing new techniques of tool entry and new tooling designs 
may reduce these peak values. Two peaks were recorded for the vertical force. The 
first peak represents the force acting on the pin to achieve penetration into the 
workpiece and the second peak is attributed to shoulder contact with the workpiece. 
All three forces [vertical, welding and torque) reach relative steady state values 
during the translational stage, this correlated well with steady state temperatures 
that were also recorded during this stage. The vertical force is significantly larger 
than the other two forces and is therefore the limiting factor in machine design, and 
the main force influencing tool wear or fracture particularly during the plunge stage.
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The dynamometer measures the forces throughout each 360° revolution and 
therefore records forces in every direction during each revolution. Hence only 
maximum values of the welding force indicate the resistance acting against the tool as 
it traverses along the weld line.

5. Model validation

The model was validated by comparing forces and tem peratures predicted by the 
model to those recorded experimentally. Figure 191 shows a comparison of the 
predicted FEM forces and to those recorded experimentally. The high fluctuations of 
the predicted forces are due to the intermittent contact between the tool and the 
workpiece nodes coupled with the large amount of remeshing required to maintain 
mesh integrity. Although the predicted forces did not map exactly onto the 
experimental, they behaved similar to the experimental with peak vertical and torque 
forces occurring during the plunge stage, and all forces reaching almost steady state 
values during the translational stage. However, the model predicted slightly greater 
forces compared to experimental results, 14.1%, 13.6% and 18.7% greater for the 
vertical, torque and welding force respectively.
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Figure 191: Comparison of experimental and FEM values, fA) vertical force and 
temperature, (B] torque and [C) welding force.

The model was also used to predict the tem perature  within the workpiece at the 
corresponding experimental thermocouple locations. A comparison of the
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experimental and FEM temperatures is shown in Figure 191 (A). Similar to 
experimental results, maximum FEM temperature remain constant during the 
translational stage. However, the model predicted lower temperatures than those 
recorded experimental w ith  an average reduction of approximately 17.5 °C. This may 
account for the higher forces recorded due to a reduction in thermal softening o f the 
workpiece. Results suggest that the flow  stress equation does not accurately 
represent the workpiece exactly. Further refinement of the material constants may 
improve the model. However, overall the model correlated well w ith  experimental 
results and gave a good representation of the FSW process.

6. FEM results

The model was capable of predicting tool forces generated at various operating 
parameters. Figure 192 shows the FEM predicted forces for various translational 
speeds. All forces were found to increase significantly w ith  increasing translational 
speeds. This is attributed to a reduction in thermal softening of the workpiece due to 
reduced heat generation which increases the resistance acting on the tool as it 
traverses along the jo in t line. Increasing the rotational speed had the opposite effect 
due to an increase in heat generation.
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Figure 192: FEM predicted forces for various translational speeds

The predicted FEM temperatures and stresses acting on the FSW tool are 
illustrated in Figure 193. During the translational stage, significantly larger stresses 
and temperatures were found to occur on the tool shoulder rather than the tool pin. 
However, during the plunge stage, the pin is subjected to larger stresses during tool 
penetration o f the workpiece. Therefore, the model predicted that during the in itia l 
plunge stage of the process damage to the tool pin is most likely to occur, whereas 
during the translational stage damage to the tool shoulder is most like ly to occur.

Temperature Effective Stress

Figure 193: FEM temperatures and stresses on the FSW tool

Variation o f the pin design only had an effect on certain forces during particular 
stages of the process. Variation of the pin design only had a significant effect on the

211



maximum vertical force during the plunge stage because during the translational 
stage the forging pressure exerted by the shoulder generates the vertical force. 
Variation of the pin design did not have a significant effect on the torque. Torque is a 
rotary m easurem ent and the diameter of the shoulder is 2.7 times that of the  pin 
hence rotation of the shoulder is the main driving factor of torque generation. 
However, variation of the pin design did have an effect on the yielding force which 
directly opposes translation of the tool. The cross section area of the pin in contact 
with the workpiece is greater than that of the shoulder. Hence the tool pin is the main 
driving factor of the welding force. Figure 194 shows the predicted FEM force for 
both the threaded and smooth pin designs. Lower maximum vertical and welding 
forces were predicted for the threaded pin. This is attributed to the threads 
producing a screwing action and increased material deformation which sweeps the 
material away along the tool path rather than simply displacing the area occupied by 
the pin as is the case with the smooth cylindrical pin.
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Figure 194: FEM forces and tensile results for different pin designs

Evidence of increased material deformation and stirring of the workpiece material 
by the threaded pin can be seen in Figure 195 which shows the material displacement 
for the two pin designs. Furthermore, tensile test were conducted to British Standard 
(BSEN 10002-1:2001] on welds producing using the two pin designs. Four test 
samples were taken from each weld and the average Ultimate Tensile Strength was 
calculated. The percentage weld strength and elongation compared to the parent 
material is shown in Figure 194. Greater weld strength and elongation were recorded 
using the threaded pin due to increased material deformation and mixing of the 
workpiece material. Therefore, the model can also help identify tooling designs which 
can process the workpiece material more efficiently.

SmoothThreaded

I

Figure 195: Material displacement for threaded and smooth cylindrical pins 

7. Conclusions

In the present paper the tool forces generated during the FSW of AA2024-T3 
plates has been investigated. This was achieved by experimentally measuring the tool
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forces using a rotating component dynamometer and developing a 3D model of the 
process capable of predicting the tool forces. The model predicted slightly larger 
forces and lower tem peratures compared to experimental results but overall gave a 
good representation of the process. Results indicate the maximum forces occur 
during the plunge stage and these reduce significantly (35%) during the translational 
stage. During the initial plunge stage of the process damage to the tool pin is most 
likely to occur, whereas during the translational stage damage to the tool shoulder is 
most likely to occur. The model was capable of identifying tooling designs which can 
process the workpiece material more efficiently. A pin with a threaded designs 
produced increased material deformation and mixing of the workpiece material 
compared to a smooth pin design. As a result lower maximum vertical and welding 
forces, and higher weld strength and elongation w ere recorded for the threaded pin.
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Abstract:

A better understanding of the tool forces occurring during friction stir welding (FSW) 

provides a significant insight into the process in terms the development of improved 

tooling designs and clamping arrangements to help reduce machine complexity, size and 

power, reduce operational costs, improve productivity and reduce tool wear. In the present 

work, all the forces acting on the FSW tooling/machine were measured and the magnitude 

of their impact on the FSW process was established during the welding o f aluminium 

2024-T3 plates. The effect of varying the operation parameters and tooling design on the 

tool forces was also determined to help identify methods of reducing these forces and 

enhancing tooling designs. Core testing was performed using an Mx Triflute pin and 

Scrolled shoulder designed tool over seven different translational speeds and six different 

rotational speeds. Welds were also fabricated using a Square and Cylindrical pin, and also 

a larger shoulder diameter to compare different tool pin and shoulder designs.

Keywords: Friction Stir Welding; Forces, AA2024-T3; Tool design; Operational 

Parameters; Temperature
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1. Introduction

The fusion welding o f aluminium and its alloys presents a great difficulty for designers and 

technologists. Martukanitz (1993) highlighted that the difficulties associated with these 

kinds o f jo in ts are mainly related to the presence o f  a tenacious oxide layer, high thermal 

conductivity, high coefficient o f thermal expansion, solidification shrinkage, and high 

solubility o f  hydrogen and other gases in molten state. Fusion welding o f aluminium alloys 

leads to the formation o f brittle inter-dendritic structure and eutectic phases due to melting 

and re-solidification o f  the fusion zone. Su et al (2003) reported that the formation o f 

brittle structure in the weld zone leads to a drastic decrease in the mechanical properties 

such as hardness, strength and ductility.

Starke and Staley (1996) highlighted the applications o f  modern aluminium alloys to 

aircraft. Due to its excellent high strength to weight ratio and ductility, AA2024 is used 

extensively within the aircraft industries for applications such as fuselage skins, fuselage 

frames and wings. However, this alloy like all 2xxx series aluminium alloys have poor 

weldability due to the copper content which causes hot cracking, poor solidification and 

porosity in the fusion zone.

Friction stir welding (FSW) was invented and experimentally proven at The W elding 

Institute (TW I) by Thomas (1991). One o f  the major advantages o f  this process is its 

ability to weld all series o f aluminium alloys, particular those classified as unweldable 

using fusion techniques. The process involves the joining o f  two metal pieces without 

melting by joining their molecules together. The tool traverses along the joint causing 

sufficient frictional heat to soften the material, but without melting. The rotation o f the tool 

then stirs the molecules together leaving behind a fully consolidated joint. W hat sets FSW 

apart from other fusion welding techniques is that it is a solid-state process. The melting
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temperature o f the workpiece is never achieved and remains as a soHd throughout the 

process. Because melting does not occur and joining takes place below the melting 

temperature o f the material, a high-quality weld is produced. This characteristic greatly 

reduces the ill effects o f  high heat input, including distortion, and eliminates solidification 

defects which are usually associated with fusion welding. The basic principle o f  the 

process is illustrated in Figure 196.

Downward
Pressure

FSWTool
Tool

Rotation

Welded
Plates

Tool
Shoulder

Figure 196: A schem atic o f  the friction stir w eld ing process.

The friction stir welding process can be described by three stages: plunge, dwell and 

translation stage. During the plunge stage a non-consumable rotating tool is slowly 

plunged into the joint line between the two materials to be welded. Once the tool reaches 

the required depth it is held in position for 5-10 seconds while still rotating, this is called 

the dwell stage. The purpose o f this stage is to soften the workpiece material ahead o f  the 

tool before welding. During the translational stage the tool traverses along the joint line o f 

the two workpiece plates leaving behind a fully consolidated weld.

One o f the major limitations o f FSW is the large forces generated as the process is purely 

mechanical. Hence, FSW o f sensitive components can be restricted due to the large
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downward forces and heavy duty clamping required to fix the workpiece into position. 

This is especially the case in the aerospace industries as rigidly clamping structural 

components can sometimes be geometrically difficult. This is not a problem with riveting 

which is much more flexible than FSW. In FSW it is also necessary to have a backing plate 

underneath the workpiece to support the high vertical forces, again highlighting the low 

flexibility o f the process. Due to the large forces generated, equipment can be expensive as 

most commercially made equipment is individually designed for a given application and 

hence is more expensive than mass produced machines. Also, the large forces acting on the 

tool can cause tool wear and fracture. Mandal et al (2008) reported that tool wear is most 

likely to occur during the plunge stage due to the large forces generated during an 

experimental and numerical investigation o f the plunge stage in FSW.

A number o f different forces act on both the tooling/machine and the workpiece 

component during the FSW process; these forces are illustrated in Figure 197. It is 

important to characterize the forces acting on the tool/machine as a better understanding of 

these forces can promote the development o f improved tooling designs and clamping 

arrangements to help reduce machine complexity, size and power, reduce operational costs, 

improve productivity and reduce tool wear.
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Figure 197: Forces generated during FSW.
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To date there has been little quantitative data published by other researchers quantifying 

the tool forces for different tooling designs and operational parameters during the FSW of 

AA2024. Furthermore, there is a lack force monitoring on the Mx Triflute pin and Scrolled 

shoulder tools developed by TWl. Melendez and Tang (2005) measured both the vertical 

force and the welding force during the FSW o f two different aluminium alloys, AA6061- 

T6 and AA2195-T6. They examined the effects o f plunge depth, rotational speed and 

translational speed. However, these authors used strain gages embedded into the workpiece 

to measure the forces experienced by the workpiece. Yang et al (2008) used a load cell to 

monitor the vertical force during the development o f an algorithm to detect a gap occurring 

between the workpiece plates during the FSW o f AA2024 plates. Yan et al (2004) 

measured the torque and the welding force for different translational and rotational speeds 

during the FSW o f AA2524-T351 plates. However these authors only examined one 

particular tooling design which consisted o f a cylindrical threaded pin and a concave 

shoulder. Lathabai et al (2006) and Gerlich et al (2005) measured the vertical force 

generated during friction stir spot welding (FSSW) o f aluminium and magnesium alloys. A 

number o f authors have attempted to predict the forces by developing a 3 dimensional 

model o f the FSW  process. Colegrove and Shercliff (2003) used computational fluid 

dynamics (CFD) software to model the flow around a threaded friction stir welding tool 

pin but reported poor predictions o f the welding forces. Ulysse (2002) modeled the friction 

stir welding process using three dimensional visco-plastic modeling. The model was used 

to predict the force acting on the tool for various translational and welding speeds, and also 

determine if  tool failure is likely to occur. However, no experimental measurements were 

used to validate the predicted tool forces.
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The aim o f this present work is to measure and fully characterise the different forces acting 

on the tool during the FSW o f AA2024-T3 plates and to establish the magnitude o f  their 

impact on the FSW process. In particular, examining the effects o f varying operational 

parameters (translational and rotational speeds) and tooling designs (pin and shoulder) to 

help identify methods o f  reducing these forces and enhancing tooling designs.

2. Experimental Procedure

All FSW  tests were conducted on a Correa F3UE milling machine which was modified for 

use as a FSW  rig. The workpiece material was aluminium 2024-T3 plates (260mm x 

80mm) with a thickness o f  4.82mm which were welded using a butt joint configuration. A 

3-piece tooling system was developed to enable interchangeable shoulder and pin 

components for different designs and also if  tool failure occurs due to fracture or wear. All 

tools were manufactured from hardened AISI H-13 tool steel. A scrolled shoulder design 

with two different diameters (18mm and 22mm) and three pin designs (Mx Triflute, Square 

and Cylindrical) were tested and are shown in Figure 198. The welding parameters and 

tooling designs/dimensions are presented in Table 19. Core testing consisted o f 42 welds 

over the range o f operating parameters while recording the forces and temperatures 

generated. These welds were produced using the 18mm scrolled shoulder and Triflute pin. 

Additional welding was performed using the different tooling arrangements at specific 

operational parameters to compare results. During welding, a distance o f 0.2mm was 

maintained between the tip o f the tool pin and the bottom surface o f  the aluminium plates 

to ensure a consolidated weld was produced. The height o f the scrolled feature was 1mm 

and this was plunged 0.5mm into the workpiece surface during welding. Using a scrolled 

shoulder design it was possible to weld with a zero tool tilt angle.
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Figure 198: FSW tooling, shoulder and pin designs.

Table 19: W elding opera tional  p a ra m e te rs  and  tooling dimensions.

Parameters Units Values

Rotational Speed 

Translational Speed 

Plunge Rate 

Dwell Time 

Rn Length 

Rn Diameter 

Shoulder Diameter 

Tool Tilt Angle

rpm 280, 355, 450, 560, 710, 900

mm/min 63.90,126,180.250,355,500 

mnVmin 16

s 8

mm 4 6

mm 6.5

mm 18,22

0

A rotating 4-component dynamometer from Kistler was incorporated onto the welding rid 

to record the forces acting on both the FSW tool and welding machine. The dynamometer 

connected directly into the spindle of the milling machine and is shown in Figure 199. The 

dynamometer was capable of measuring the torque and forces in the X, Y, and Z 

directions. The forces were measured using piezo-electric crystals, the signals from which 

are continuously sampled at a rate of 7.8 kHz from each channel, and are processed 

through the Kistler 9124B multi-channel signal conditioner. Ten type K thermocouples, 

1.5mm diameter, were used to recorded temperatures during testing. Holes 1.6mm

2 2 0



diam eter to a depth o f  4mm were drilled 15mm away from the joint line and a high 

conductive thermal glue was used to ensure the ends o f the thermocouple probes remained 

in contact with the workpiece. Welds fabricated using the different pin designs and 

shoulder dimensions were sectioned to provide four tensile test sample which were 

conducted to British Standard (BSEN 10002-1:2001). The experimental rig, dynamometer 

and thermocouple set up is illustrated in Figure 199.

Figure 199; Experimental rig, dynamometer and thermocouple setup.

3. Results and Discussion 

3.1 Introduction

The dynamometer was used to measure the three forces, welding, vertical and torque, 

which act directly on the FSW tool. Figure 200 displays a sample o f the forces that were 

recorded during testing. Both the vertical and torque forces reach peak values during the 

plunging o f the tool into the workpiece at shoulder contact and hence the tool can be 

susceptible to failure during this stage. Therefore developing new techniques o f tool entry 

and new tooling designs may reduce these peak values. All three forces (vertical, welding 

and torque) reach steady state values during the translational stage, this correlates well with 

steady state temperatures that were also recorded during the translational stage. Figure 201 

shows the average maximum temperature between adjacent thermocouples separated from 

the joint.
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Figure 200: Vertical force, w elding force and torque generated during FSW.
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Figure 201: A verage m axim um  temperature between adjacent therm ocouples separated from the joint.

The vertical force generated the largest force during testing and is therefore the limiting 

factor in respect o f the machine design. It rises rapidly once the tip of the tool pin contacts 

the workpiece surface and reaches a first peak. At this point the pin is immersed to a 

sufficient depth within the workpiece to cause heat generation through friction and plastic 

material deformation that softens the workpiece, and hence the force decreases slightly. 

The force begins to rise again at shoulder contact and reaches a second maximum peak 

when the desired plunge depth is reached. A slight drop in the force occurs during the 8s 

dwell stage and the force decreases to a steady state during the translational stage. The
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reduction in the vertical force from the plunge/dwell stage to the translational stage is 

significant, approximately 35%.

Similar to the vertical force, the torque reaches its peak value during the plunge stage and 

decreases to a steady state value during tool translation. It rises gradually when the tool 

makes contact with the workpiece. However, during plunging the rate o f increase changes 

and becomes sharper. This change in torque corresponds to the point where the vertical 

force reaches its first peak. The torque reaches a maximum value at the end o f the plunge 

stage when the shoulder is immersed into the workpiece to the required depth. Its 

m agnitude decreases significantly during the dwell stage and reaches a steady state value 

during the translational stage. The reduction in magnitude between the maximum and 

steady state torque is surprising similar to the reduction in the vertical force, approximately 

34%.

The dynamometer measures the forces throughout each 360° revolution and therefore 

records forces in every direction during each revolution. Hence only maximum and 

minimum values o f  the welding force indicate the resistance acting against the tool as it 

traverses along the weld line. During the plunge stage, only slight fluctuations o f the 

welding force are recorded as the tool pin penetrates the workpiece. As expected, the weld 

force only starts to increase when the tool begins to traverse along the joint line. In general, 

the weld force reaches a maximum value when the translational stage is initiated and then 

reduces slightly to an almost steady state throughout the remaining tool translation. Its 

magnitude is significantly lower than the vertical force and hence the welding force should 

not have an influence on machine limitations.
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3.2 Effect o f Translational Speed

Figure 202 shows the average steady state forces and the average maximum temperature 

values recorded across all 10 thermocouples during the translational stage for a range of 

different translational speeds and a fixed rotational speed o f 450 rpm. All three forces were 

found to increase with increasing translational speeds. The variation in force can be 

attributed to the amount o f  workpiece softening occurring at different translational speeds. 

During FSW, heat is generated through friction between the tool and workpiece, and also 

by plastic deformation o f the workpiece material. As expected, higher temperatures are 

recorded for slower translational speeds as more time is available for heat generation to 

occur; this increases the amount o f workpiece softening and hence reduces the 

resistance/loading acting on the tool during welding.

• T rans Vertical Force 

■ Trans Torque Force

- T rans Weldng Force 

■ Av Max Temp

■■ 45 
- ■ 40 

35 
30 

■■ 25 
■■ 20 

15 
10

20 ■

S .  1 5  ■

0 100 200 300 400 500 600

(U  S

T ranslational S peed  (mm/min) "450 rpm 

Figure 202: Effect o f  translational speed on the average steady state forces and average maximum

temperature during the translational stage.

O f all the operational parameters, the translational speed had the most significant effect on

the welding force. This was expected, as the welding force is generated from the resistance

o f workpiece acting against tool as it traverses along the joint line. The welding force

creates a moment load acting on the pin about the interface between the pin and the

shoulder. If  the pin cannot withstand this moment, fracture occurs about this interface.
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However, pin fracture did not occur during testing, even at maximum translational speeds 

o f 500mm/min. Therefore the limiting factor associated with increasing the translational 

speed and hence the productivity o f the process is not pin failure due to large welding 

forces. The limiting factor is the formability o f the workpiece as surface defects, which are 

illustrated in Figure 203, were detected at high translational speed above 355mm/min.

Figure 203: Surface defects at 500m m /m in translational speed.

3.3 Effect o f Rotational Speed

Figure 204 shows the average steady state forces and the average maximum temperature 

values recorded across all 10 thermocouples during the translational stage for a range o f 

different rotational speeds and a fixed translational speed o f 180mm/min. Variation o f the 

rotational speed was found to have less o f an impact on the three forces compared to 

variation o f  the translational speed. Higher temperatures are normally associated with 

increasing rotational speeds due to increased friction between the workpiece and the tool, 

and plastic deformation o f the workpiece. Jariyaboon et al (2007) reported an increased in 

temperature o f approximately 60°C when the rotational speed was increased from 215 rpm 

to 468 rpm during the FSW o f AA2024-T351 plates. These authors used concave shoulder 

with a 20mm diameter. A reduction o f the tool forces generated is expected with increasing 

rotational speeds due to workpiece softening. However, relative small increases in 

temperature were recorded with increasing rotational speeds as illustrated in Figure 204. 

This can be attributed to the scrolled shoulder design which has less shoulder surface area
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contact with the workpiece compared to a concave shoulder design and also the relative 

small shoulder diameter o f 18mm.

Trans Weld Force •  Trans TorqueForce
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Figure 204: Effect o f  rotational speed on average steady state forces and average m axim um  temperature

during the translational stage.

As a result, variation o f  the rotational speed did not have a significant impact on both the

vertical and welding force. This behavior was recorded even at low translational speeds of

63mm/min to increase the rotational effect. The translational vertical force remained

almost constant with increasing rotational speeds. The translational welding force

decreased slightly with increasing rotational speed until 450 rpm after which an increase in

the welding force was recorded. The initial decrease o f  the welding force can be attributed

to an increase in material deformation which softens the workpiece material. However, the

increase above 450 rpm maybe caused by the larger volume o f  material in the dynamically

recrystallized zone that the pin has to create while advancing. Another explanation maybe

the reduction in pressure generated behind the pin while the pressure in front o f the pin

remains constant. Unsurprisingly, variation o f the rotational speed had a significant impact

on the torque force. This was expected as torque is a rotary force measurement. The torque

reduced significantly with increasing rotational speed even though only small increases in

temperature where recorded. The diameter o f the shoulder is 2.6 times that o f the pin
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diameter, hence the shoulder is the main driving factor in torque generation. Therefore the 

torque reduction can be attributed to an increase in material deformation at the top surface 

o f the workpiece caused by the channels on the scrolled shoulder. This results in workpiece 

softening at the top surface and a reduction o f the resistance encountered by the shoulder 

as it rotates within the workpiece.

The effect o f rotational speed on the maximum vertical and torque forces during the plunge 

and dwell stages is shown in Figure 205. Although variation o f  the rotational speed did not 

have a significant effect on the translation vertical force, the maximum vertical was found 

to decrease with increasing rotation speeds. During the plunge and dwell stages, the tool 

remains in a stationary horizontal position whilst rotating. Hence the heat produced 

through friction between the tool shoulder and the workpiece is more intense and localized 

as the tool is not traversing, as a result, the workpiece softens and the force decreases. 

Similar to the translation torque, the maximum torque decreases significantly with 

rotational speed. Again this can be attributed to workpiece softening through friction and 

plastic workpiece deformation.

O Max Vertical Force
Max Torque Force

V  15 •

200 300 400 500 600 700 800 900 1000

Rotational Speed (Rpm) ‘ I80m m /m in 

Figure 205; Effect o f  rotational speed on maximum forces during the plunge and dw ell stages.
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3.4 Effect of Pin Design

Many authors report that the majority o f heat generation is contributed by the tool shoulder 

through friction with the workpiece and amount o f heat input from deformational heating 

around the pin has been estimated to range from 2% to 5%. Through numerical studies on 

heat generation during the FSW process, Tang et al (1998) and Russell and Shercliff 

(1999) estimated that the percentage o f heat generated by the tool pin to be 5% and 1% 

respectively o f the total heat generated. To examine this further experimentally, 

temperature measurements were recorded during welding with no tool pin present and 

compared to temperatures recorded with a tool pin present. Results indicated that the 

shoulder accounts for approximately 93% of the total heat generated and the pin accounts 

for 7%. In general, the amount o f workpiece softening due to heat generation is an 

important factor in force reduction. Therefore, variation in the tool pin design did not have 

a significant effect on all the forces generated. For example, only slight variation o f  the 

steady state vertical force was recorded for the different tool pin design during tool 

translation. Therefore downward forging action produced by the shoulder generates the 

majority o f  the vertical force. This suggested that wear o f  the shoulder due to the large 

forces and heat it generates is more likely to occur before pin wear or pin fracture. 

Similarly, variation o f the pin design did not have a significant effect on the torque. This 

can be attributed to the shoulder having a much larger diameter compared to the pin and 

hence is the main driving factor in torque generation. However, variation o f the pin design 

did have an impact on the welding force and the maximum vertical force.

During the plunge stage, vertical forces arises from the tool pin penetrating the workpiece 

whereas during the translational stage the vertical force is generated from the forging 

pressure the shoulder imparts to the workpiece to achieve a consolidated weld. Hence, pin 

design has a larger impact on the maximum vertical force which occurs during the plunge
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stage compared to the steady state vertical force during the translational stage. Figure 206 

shows the effect o f pin design on the maximum vertical force. The lowest force was 

recorded when welding with the Triflute pin. This can be attributed to the flutes on the 

Triflute pin producing a screwing action as it is plunged into the workpiece. Rotation o f  the 

tool works to screw the tool inwards thereby reducing the load. The uneven surface area o f 

the pin due to the flutes will also cause a stirring effect, which will sweep the material 

beneath the pin away laterally rather than simply displacing the area occupied by the pin. 

Also, the unique flute design decreases the volume o f the pin compared to a Cylindrical pin 

and hence less force is required to penetrate the workpiece. The largest vertical force was 

recorded when welding with the Cylindrical pin. This can be attributed to the smooth 

surface area o f the pin which generates less material mixing and simply compress the 

workpiece material beneath the pin resulting in larger forces. The flat faces o f the Square 

pin also create a sweeping effect similar to the flutes on the triflute pin and hence a 

reduction in force is recorded compared to the Cylindrical pin.
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Figure 206: Effect o f  pin design on the max vertical force.

The effect o f different pin designs on the welding force is shown in Figure 207. Similar to 

the maximum vertical force, larger forces were recorded for the Cylindrical pin compared 

to the Triflute and Square pins. This difference can be explained by examining how each
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pin deforms/displaces the workpiece material ahead as it traverses along the joint line, as 

shown in Figure 208. The flat faces on the Square pin act like paddles producing a 

churning action which displaces the material ahead o f the pin. Similar to a blender, the 

paddles sweep the material along the tool path thereby reducing the resistance acting 

against the traversing tool. The Triflute pin has a similar material deformation effect due to 

its flutes and threads producing an uneven surface. The smooth surface and circular shape 

o f  the Cylindrical pin produces less material deformation ahead o f the tool pin as it 

traverses. Alternatively, the Cylindrical pin simply displaces the area along it paths 

causing a lot o f workpiece material to flow around the sides o f  the pin similar to an 

extrusion process which accounts for the higher welding force recorded. Therefore 

although the welding force is significantly lower than the vertical force, tool pin designs 

which enable material to be processed more efficiently can be identified by monitoring the 

welding force.
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Figure 207: Effect o f  pin design on the welding force.
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Figure 208; Material processing for different pin designs.

Evidence o f increased material deformation and processing produced by the Triflute and 

Square pins compared to the Cylindrical pin can be seen in Figure 209 which shows the 

weld strength and elongation as a percentage o f  the parent material for the different pin 

designs. As expected, higher weld strength and ductility were recorded for the Triflute and 

Square pins due to increased material deformation and mixing o f  the workpiece material. 

Therefore tool pin designs with features which enhance the amount o f material 

deformation will not only reduce the forces acting on the tool but will also increase the 

weld strength.
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Figure 209: Effect o f  tool pin design on w eld strength and w eld  elongation.
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3.5 Effect o f Shoulder Diameter and Plunge Depth

Larger vertical forces, torques and to a less extent welding forces were recorded when a 

larger 22mm shoulder diameter was used compared to an 18mm shoulder diameter. This 

can be attributed to the greater contact area between the tool shoulder and the workpiece 

causing a greater reaction force. Also, a larger shoulder diameter will require more 

material to be processed and directed by the channels on the spiral and may also result in 

larger forces. Larger forces were also recorded when the plunge depth o f the shoulder was 

increased. This was expected because as the shoulder is plunged deeper into the workpiece, 

it must move a greater volume o f material. Samples o f these results are illustrated in 

Figure 210.
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Figure 210: Effect o f  the plunge depth on the vertical force, and effect o f  shoulder diameter on the torque.
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4. Conclusions

This w ork has demonstrated the effect o f varying operational parameters and tooling 

designs on force and temperature generation during the FSW o f aluminium 2024-T3 plates. 

Seven different translational speeds and six different rotational speeds were investigated. 

Three different tool pin design and two different shoulder diameters were used during 

welding.

The vertical and torque forces reach maximum peak values during the plunging o f the tool 

into the workpiece. Hence the tool can be susceptible to tool failure during this stage. 

Developing new techniques o f tool entry and new tooling designs may reduce these peak 

values. However, all three forces reduce to steady state values during the translational 

stages as the tool traverses along the joint line. This correlated well with steady state 

temperature also recorded during this stage. The reduction o f the vertical and torque force 

from peak values to steady state values was significant, approximately 35% reduction.

Variation o f  the translational speed had greater effects on tool forces than variation o f  the 

rotational speed. All three forces were found to increase significantly with increasing 

translational speeds. This was attributed to a reduction in heat generation and hence 

softening o f the workpiece material which was verified through thermocouple 

measurements. Although higher temperatures are normally associated with increasing 

rotational speeds, this was not recorded during this work as only relatively small increases 

in temperature were recorded with increasing rotational speeds. This was attributed to the 

relatively small shoulder diameter and scrolled shoulder design which has less shoulder 

surface area contact with the workpiece compared to a concave shoulder design. As a 

result, variation o f  the rotational speed only had an effect on the torque force. From this 

work it is clear that the amount o f heat generation is directly related to the magnitude o f

233



the tool force generated. Therefore localized preheating o f  the workpiece material will 

reduce the forces considerably rather than implementing operational parameter to 

maximize heat generation which may deteriorate weld properties. An example would be 

the use o f  a laser as a supporting technology to heat and soften the workpiece directly 

ahead o f the tool path.

The shoulder was found to generate 93% of the total heat and the tool pin 7%. As a result 

pin design only had an effect on the welding force during the translational stage and the 

maximum vertical force during the plunge stage. Lower forces were recorded by the Mx 

Triflute and Square pins due to an increase in material processing and deformation ahead 

o f  the tool pin rather than simply displacing the area occupied by the pin as was the case 

for the smooth surface area design o f the Cylindrical pin. Evidence o f  increased material 

deformation and processing was recorded through tensile tests. Greater weld strength and 

elongation was recorded using the Mx Triflute and Square pins compared to the 

Cylindrical pin.

The magnitude o f  the vertical force is significantly larger than the other forces. The 

downward forging action produced by the shoulder generates the majority o f the vertical 

force. This suggested that wear o f the shoulder due to the large forces and heat it generates 

is more likely to occur before pin wear or pin fracture. Although the welding force is 

significantly lower than the vertical force, tool pin designs which enable material to be 

processed more efficiently can be identified by monitoring the welding force. The limiting 

factor associated with increasing the translational speed and hence productivity o f the 

process was the formability o f the workpiece and not pin failure due to the occurrence o f 

large welding forces.
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Due to an increase in the amount o f  surface area contact between the tool shoulder and the 

workpiece, larger vertical forces and torques were recorded when the plunge depth was 

increased and also when a larger 22mm shoulder diameter was used compared to an 18mm 

diameter.
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ABSTRACT:

FSW  is considered as a green technology because o f  its energy efficiency, 
environmental friendliness and versatility. When compared with conventional welding 
methods, FSW  consumes considerably less energy, no consumables such as a cover gas or 
flux are used, and no harmful emissions are produced during welding. It is also relatively 
quiet thereby making the process environmentally friendly and a sustainable manufacturing 
technology.

However, one o f the obstacles preventing large implementation o f the process within 
the manufacturing industry is the lack o f specifications and design guidelines. The 
objective o f  the work presented in this research paper is to provide guidelines on which 
process parameters and tooling designs result in optimum weld properties during the FSW 
o f aluminium 2024-T3. A tool having a scrolled shoulder, with either a square or triflute 
pin design, and using translational speeds between 125 -  250 and rotational speeds 
between 355 - 4 5 0  produced optimum joint strength and ductility.

Keywords: Friction Stir Welding, tooling designs, process parameters, weld strength.

I. INTRODUCTION:

Friction Stir Welding (FSW) is a solid state joining process invented and 
experimentally proven by Wayne Thomas and a team o f his colleagues at The Welding 
Institute UK in December 1991 1. During the process, as illustrated in Figure 1, a rotating 
cylindrical shouldered tool with a profiled pin is slowly plunged into the jo in t line between 
the materials to be welded. Frictional heat is generated which causes the workpiece to 
soften without reaching its melting point and allows traversing o f the tool along the weld 
line. The plasticised material is transferred from the leading edge o f the tool to the trailing 
edge o f the tool pin and is forged by the intimate contact o f the tool shoulder and the pin 
profile. It leaves a permanent solid phase bond between the two pieces.

FSW  is considered a green technology because o f its energy efficiency, 
environmental friendliness and versatility. When compared with conventional welding 
methods, FSW  consumes considerably less energy, no consumables such as a cover gas or 
flux are used, and no harmful emissions are produced during welding and it is relatively 
quiet thereby making the process environmentally friendly and a sustainable manufacturing 
technology. Another advantage FSW has over fusion welding is the ability to easily weld 
2xxx and 7xxx series aluminium alloys which are considered unweldable using standard 
fusion techniques.
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Figure 211: A schematic o f  the friction stir welding technique

Although FSW has many advantages over tradition fusion welding techniques, the 
process has not been implemented within the manufacturing industry to the extend that one 
would have anticipated. One o f the reasons for this is a lack o f process specifications and 
design guidelines and this presents a serious barrier for industry-wide technological 
implementation. The objective o f work presented in this research paper is to investigate the 
mechanical properties o f  4.82mm thick aluminium 2024-T3 butt welded samples for a 
range o f  process parameters (rotational and translational speeds) and tool designs. And to 
provide guidelines as to which process parameters and tooling designs give optimum weld 
properties.

2. EXPERMENTAL PROCEDURE:

All FSW tests were conducted on a Correa F3UE milling machine which was 
modified for use as a FSW rig. The workpiece material was rolled sheets o f aluminium 
2024-T3 alclad with a thickness o f 4.82mm. The sheets were cut to the required size 
(260mm x 80mm) and were welded using a butt jo in t configuration. A 3-piece tooling 
design was developed to enable interchangeable shoulder and pin components for different 
designs and also if  tool failure occurred. Two shoulder designs (scrolled and Concave) and 
four pin designs (Mx Triflute, Square, Cylindrical and Tapeered) were tested and are 
shown in Figure 212.

Tool Holder Tool S houlder Tool Pin

Concave Scrolled Trifluie Cv1lr»drical S q u are  Tapered

Figure 212: FSW Tooling

The welding parameters and tooling dimensions are presented in Table 20. Core 
testing consisted o f 42 welds over the range o f  operating parameters while recording the 
forces and temperatures generated. These welds were produced using the scrolled shoulder 
and Triflute pin as these are more recent FSW tool developments. Additional welding was 
preformed using the different tooling arrangements at specific operational parameters to
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compare results. During welding, a distance o f 0.2mm was maintained between the tip o f 
the tool pin and the bottom surface o f the aluminium plates to ensure a consolidated weld 
was produced. The height o f the scrolled feature was 1mm and this was plunged 0.5mm 
into the w'orkpiece surface during welding. Using a scrolled shoulder design it was possible 
to weld with a zero tool tilt angle. When using the concave design, the shoulder was 
plunged until 80% o f the shoulder was in contact with the workpiece.

Table 20: Welding parameters and tooling dimensions

Process Parameters Values
Rotational speed (rpm) 2 6 0 ,35 5 ,45 0 , 5 6 0 ,7 1 0 ,9 0 0

Translational speed (mm/min) 6 3 ,9 0 ,1 2 5 ,1 8 0 , 250,355, 500

Plunge rate (mm/min) 16

Dwell time (s) 8

Pin length (mm) 4 6

Pin diameter (mm) 7

Shoulder diameter 18 ,22

Tool tilt angle (” ) 2

After welding, each plate was sectioned to provide four tensile test specimens. 
Tensile testing was conducted to British Standard (BSEN 10002-1:2001) at a rate o f 
Imm/min. The average Ultimate Tensile Stress (UTS) or maximum stress for the four 
tensile test specimens was recorded for each weld. Tensile tests were also conducted on 
un-welded base material samples (average UTS 454 MPa and elongation o f  approximately 
15mm) and hence the joint efficiency was calculated using the following formula:

A verage  UTS 
----------------------- — —  xlOO =  Jo in t Efficiency
A verage g q  |

3. EXPERIMENTAL RESULTS;

Table 21 displays the joint efficiency as a percentage o f the strength o f  base material 
for all 42 friction stir welds. The order in which the welds were fabricated was randomized 
in order to satisfy the statistical requirement o f independence o f  the observations. This acts 
as an insurance against the effects o f lurking time-related variables such as the warm-up o f 
tools and equipment. Weld fabricated at operational parameters labelled N/A did not 
undergo tensile testing due to the occurrence o f severe defects during welding. An initial 
and important observation is that a processing window does exist and that variation o f  the 
operational parameters leads to a progressive change in the weld strength rather than 
random erratic results. For example, joint efficiencies above 80% and 90% are highlighted. 
These results are grouped together rather than randomly occurring with different 
operational parameters. Table 18 shows the extension in millimetres at fracture and hence 
an indication o f the ductility o f  each weld. As expected, welds that displayed good strength 
also displayed good ductility. However, none o f the welds exhibited ductility as high as 
that o f the parent material which fractured after 15mm elongation. The most ductile weld 
had a ductility that was approximately 30% o f that o f the parent material. This can be 
attributed to the complex grain structure and thermal damage produced during the friction 
stir process.
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Table 21: Joint efficiency results (%) based on Error! Reference source not found.
Joint Efficiency %

■g&

900 69.39 68.25 71.59 62.24 51.09 38.78 39.46
700 60.54 74.97 76.98 59.39 66.90 42.43 26.90
560 69.92 73.59 76.93 75.04 70.70 63.23
450 70.71 77.22 88 ./'-I 88./» 8!l.08 77.16 47.28
355 H 1.S K .8 { 'U.Ot. 67.68 N A
280 tU ,l7 8) ZB m .2i K4.'UI N A N A N A

63 90 125 180 250 355 500

Trdnstational Speed [mm/min]

Table 22: Elongation at fracture (mm)
Elongation at Fracture (mm)

900 1.43 1.15 1.62 0.80 0.66 1 0.45 0.47
700 0.86 1.52 1.78 0.79 1.08 0.51 0.42
560 1.24 1.27 1.55 1.21 i.Sb  J 1.29 0.96
450 1.38 1.66 1.0-1 1 1 4 ^  1.33 0.55
355 i J S i . i ! (.'It. 4,tfc 1 0.93 N A
280 2 . / 1 »  1 N A NA 1 NA NA

63 90 125 180 250 355 500

TranslaiionjI Speed [mm/min)

It can be seen that optimal joint efficiency above 85% o f the parent material, was 
recoded at translational speeds between 125 -  250 mm/min and at rotational speeds 
between 355 -  560 Rpm. These operational parameters should be implemented during 
FSW o f AA2024-T3 to achieve optimal results. Also, a number o f tests were repeated to 
investigate the consistency o f  the friction stir welding process. All repeat testing, in terms 
o f jo in t efficiency/strength and displacement at fracture (ductility), was found to be relative 
consistent with a standard deviation o f approximately 7%.

3.1 Impact of Translational Speed:
In general, it was found that both the joint strength and ductility increases with 

increasing translational speed until an optimal value is reached at which point the joint 
strength and ductility begins to decrease. Figure 213 illustrates this effect o f translation 
speed on joint efficiency/strength for a fixed rotational speed o f  450 Rpm.
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Figure 213: Effect o f translational speed on jo in t efficiency

The reduction in jo in t efficieny experienced for lower translational speeds (63 -90 
mm/min) can be attributed to a high heat input. A low translational speed will increase 
grain growth and softening within the welded zone which may explain the reduction in 
strength. Furthermore, the high heat input generated at low translational speeds may cause 
thermal damage thereby reversing the T3 heat treatment the alloy initially went through 
leading to inferior weld properties. Too high a translational speed will not allow sufficient
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time for the rotary action o f  the tool to produce a consolidated weld and hence a reduction 
in strength was recorded for all translational speeds above 250 mm/min. For example, 
surface defects were recorded for all welds fabricated at 500 mm/min and the majority of 
welds fabricated at 355 mm/min. As expected, a surface defects will act as a focal point for 
crack propagation and hence result in a lower jo in t efficiency/strength. Figure 126 shows a 
surface defect which occurred due to a high translational speed o f  500 mm/min. Similar 
results were recorded by G. Biallas et al 72 who performed tensile tests on 4mm thick 
AA2024 FSW joints. These authors reported an increase in weld strength with increases in 
translational speeds between the range o f 80 -125 mm/min. Kristensen et al [3] examined 
the effects o f translational speed on the ultimate tensile strength o f  friction stir welded 
aluminium 2024-T3 plates o f  6mm thickness and reported a decrease in weld strength with 
increasing the translational speeds between 270 - 550 mm/min.

Figure 214: Surface defects due to a high translational speed 355mm/min

3.2 Impact of Rotational Speed
In general it was found that lower rotational speeds ranging from 280 -  450 Rpm 

produced stronger and more ductile welds compared to those produced at higher rotational 
speeds ranging from 560 -  900 Rpm. Figure 127 shows the effect o f  varying the rotational 
speed on the joint efficiency for a tixed translational speed o f 125 mm/min. Higher joint 
efficiency associated with lower rotational speeds can also be attributed to reduced thermal 
damage as mentioned previously when comparing the translational speed effect. Also, high 
rotational speeds can lead to excessive deformation and a rough surface finish, which result 
in the occurrence o f small internal and surface voids which reduce the strength o f the weld. 
A rough surface finish cause by excessive rotational speeds can leave uneven surface 
indentation marks left in the shoulder wake as it traverses along the jo in t line. These marks 
can act as tiny stress raisers or cracks resulting in failure in these region and a reduction in 
strength.

100.00

90.00

60.00

70.00

60.00

50.00

40.00

30.00

20.00

10.00

0.00
0 100 200 300 400 600 600 700 800 900 1000

R ota tio n a  S p aed  (Rpm)

Figure 215; Effect o f rotational speed on joint efficiency

M.A. Sutton et al 49 reported similar results in their investigation o f  the effect o f 
rotational speed on ultimate tensile strength o f Aluminium 2524-T3. Using a fixed 
translational speed o f  2.11 mm/s and varying the rotational speed (100 to 800 rpm), Sutton 
reported an increase in weld strength with increasing rotational speeds up to a peak o f  480
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Rpm. Further increases in rotational speeds above 480 rpm were accompanied by a 
decrease in weld strength which Sutton attributed to overheating. J. Adamowski et al 75 
investigated the effects o f  varying process parameters when FSW AW6082-T6 aluminium 
alloy. While maintaining a constant translational speed o f  115 mm/min, Adamowski found 
that increasing the rotational speed from 330 to 880 Rpm resulted in a reduction in weld 
strength o f approximately 30 MPa.

3.3 Effect o f Different Pin Geometries:
As mentioned previously, four different pin geometries (Triflute, Square, Cylindrical 

and Tapered) were designed and manufactured to determine their effects on the FSW 
process. The primary function o f  the non-consumable rotating tool pin is to stir the 
plasticized metal and move the material behind it to produce a consolidated joint. Pin 
geometry plays a crucial role in material flow and in turn could possibly regulate the 
welding speed o f  the FSW process. Figure 129 and Error! Reference source not found, 
illustrate the effect o f different pin geometries on joint efficiency and elongation (ductility) 
respectively.
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Figure 216: Percentage jo int efficiency and elongation at fracture for different pir
geometries

It is clearly evident that the four pin geometries can be separated into two different 
categories. The triflute and square pins, which are associated with increased material 
deformation capabilities, produced more desirable joint efficiencies and ductility (91%, 
3.1mm and 92%, 3.2mm respectively). Whereas the cylindrical and tapered pins with 
smooth designs produced lower jo in t efficiencies and ductility (70%, 1.1mm and 73%, 
1.21mm respectively). Note Similar results were also seen for different operational 
parameters.

Pin profiles with flat faces like the square pin are associated with eccentricity. This 
eccentricity allows compressible material to pass around the pin profile. Also, the flat faces 
and com ers o f the pin produce a pulsating stirring action. Both o f which create a smoother 
flow o f material and generate sufficient heat through friction to produce a s:rong 
consolidated weld. The flutes on the Triflute tool result in the pin having an uneven surface 
area and this causes an increased stirring effect that will increase material deformation and 
allow a smoother integration o f the workpiece material from each plate to produce a strong 
weld. Both the Square and Triflute pins produce more turbulence due to their shape which 
increases material mixing. Another observation that can be made is the fact that a simple 
square shape can produce equal, and in some cases better, weld properties that a complex 
triflute shape. The complex shape o f  the triflute tool is also more expensive and difficult to 
machine compared to a simple square shape. The three flute design o f the triflute pin 
reduces the volume o f tool pin material and can influence the risk o f pin failure when 
welding thicker or denser material. Therefore when pin failure becomes a limiting factor in 
FSW a pin with flats such as a square design may provide extra strength and stability.
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The Cylindrical and Tapered pins do not have any flutes or flat faces to produce any 
stirring effect and the plasticized material is simply allowed to extrude on the sides o f  the 
pin. Consequently tools having a smooth pin surface area will produce less mixing o f  the 
workpiece material, thereby resulting in a weaker weld.

3.4 Effect of Different Shoulder Geometries:
To examine the effect o f  shoulder design, two welds were fabricated with a concave 

shoulder using a required 2° tool tilt angle and compared with welds fabricated using a 
scrolled shoulder design. The results are shown in Figure 130 and indicate that although 
the scrolled shoulder preformed slightly better there is no significant difference in joint 
efficiency/strength between the two different shoulder designs. Similar results were 
obtained when comparing ductility. However, these results only represent two sets 
operational parameter and therefore further test would be required to examine this over a 
larger range o f operating parameters.
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Figure 217: Effect o f shoulder design on joint efficiency

Regardless o f the above information, using a scrolled shoulder rather than a concave 
shoulder has the advantage that there is no need for a tool tilt angle. This is desirable if 
performing a friction stir weld around a com er or welding in a circular or oval shape (i.e. 
non-linear) where sophisticated machinery and a lot o f  precision would be required to 
maintain the appropriate tool tilt angle while using a concave tool shoulder. Figure 132 
illustrates welds produced by the author during a training course at The Welding Institute 
(TW l) using a scrolled shoulder with a zero tilt angle. Also, the scrolled shoulder was 
found to enable higher translational speeds due to a reduction in tool lift. Using a concave 
shoulder, translational speeds greater than 125mm/min were not possible when welding 
with a concave shoulder due to tool lift which resulted in a poor surface finish with the
occurrence o f voids. Evidence for this can be seen in Figure 219

Figure 218: Non linear weld with a scrolled shoulder
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Figure 219: Tool lift using a concave shoulder

4. CONCLUSIONS:

A processing window was developed for the FSW o f 4.82mm thick aluminium 2024- 
T3 plates to determine which operational parameters gave optimal jo in t strength and 
ductility. It was found that a rotational speed in the range o f  355 -  450 rpm and a 
translational speed in the range o f 125 -  250mm/min produced optimal joint properties. 
Repeat testing was also conducted and results showed a standard deviation o f 
approximately 7%. The amount o f heat input, material deformation and the occurrence o f 
defects determined optimal joint efficiencies. The square and triflute pin geometries 
produce stronger more ductile welds than those produced using the cylindrical and tapered 
pin geometries. This was attributed to increased material m ixing and integration o f the 
workpiece plates due to flat features o f the square pin and flutes o f the triflute pin. No 
significant difference in joint strength or ductility was recorded when comparing a scrolled 
shoulder to a concave shoulder o f equal diameter. However, there is no need for a tilt angle 
when using a scrolled shoulder. This is desirable when performing a non-linear friction stir 
weld.
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ABSTRACT

Friction Stir Welding (FSW) is a relatively new joining technique that involves the joining 

of two metal pieces at the molecular level without melting. Because it is a solid state 

process and joining takes place below the melting temperature of the material, a high- 

quality weld is created and the problems associated with fusion welding techniques are 

avoided. Furthermore, all series of aluminium alloys can be welding using this process. In 

particular the 2xxx series which is used extensively within the aerospace industry for wing 

and fuselage skin panels due to their high strength to weight ratio and are deemed un- 

weldable using fusion techniques.

The overall aim of the project was to optimise the operational parameters and 

tooling design, and also to provide a comprehensive understanding of the FSW process 

during the welding of AA2024-T3 plates. This was achieved through the development of a 

processing window for various operational parameters; testing of new tooling designs 

and the comparison of their performance to traditional FSW tooling; characterisation of 

the forces and temperatures generated and the development of a FE model to simulate 

the process.

New tooling designs were developed which increased the amount of material 

deformation and mixing, and also enabled higher welding speeds. Operating parameters 

capable of achieving joint strengths efficiencies up to 95% of that of the parent material 

where identified. New techniques of process implementation and tooling designs were 

identified to reduce tool forces significantly enabling the process to be more flexibly. 

Using the FE model it was possible to predict thermal flow throughout the workpiece, tool 

and surrounding clamping; predict the forces for different operating parameters, 

workpiece thicknesses and tooling designs. Analyse material flow patterns; Analyse the 

stresses and strains acting throughout the workpiece and tooling; predict the mechanism 

of tool wear/failure and how to prevent it.


