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Abstract

Friction stir welding (FSW) is an upgraded version of the conventional friction welding
process, and it is considered the latest development and the most important one during the
past two decades in the welding of metals. The dependence of FSW on friction and plastic
work as a heat source precludes the melting in the workpiece and leads to avoiding many
of the difficulties arising from the change in the state of the material, such as defects,
distortion and residual stresses, which often happen in conventional welding processes.
FSW gained significant attention as a solid-state welding process of aluminium alloys, but
now there is a need to extend its application to advanced materials such as metal matrix
composites (MMCs). However, the process has always represented a challenge owing to
the complexity of microstructural development and the associated number of process
parameters to take into consideration.

This thesis investigates the feasibility of welding two new advanced aluminium matrix
composites (AMCs), AA 6092/SiC/17.5p-T6 and AA 6061B/SiC/20p-T1 by FSW for the
first time. Also, aluminium alloy AA6082-T6 has been investigated as base-line material
to specify the benefit, drawback, and FSW window. Experiment analyses were conducted
to evaluate the influence of FSW parameters, including tool rotation and traverse speeds on
the quality of weldments.

Weld joints were characterised in terms of thermal history, metallurgical behaviour,
mechanical properties, and residual stresses. The metallurgical characterisations have been
done by optical, scanning electron microscopy (SEM), electron backscattered diffraction
(EBSD), transmission electron microscopy (TEM), and energy dispersive X-ray
spectroscopy (EDS). Microhardness, tensile, and low-cycle fatigue (LCF) test with the
axial total strain-amplitude control mode R = €,,,;,/€max = —1 Were used for evaluating

the mechanical properties.
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The results showed that the generated peak temperature in the welding joints is affected
more significantly by the rotating tool speed, while the exposure time and subsequent
cooling rate are controlled by tool traverse speed. The microstructure of nugget zone (NZ)
exhibits an elliptical shape with a substantial grain refinement resulted from continuous
dynamic recrystallisation (CDR) process with an increase in the fraction of high angle grain
boundaries (HAGBs). The evolved grain size was greatly influenced by weld pitch as the
ratio between tool traverse speed to tool rotation speed, which is a key parameter to control
the amount of heat input, exposure time and cooling rate. In addition, in the case of AMCs
more homogeneous distribution of reinforcement particles (SiC) coupled with particle
refinement were formed in the NZ.

The cross-weld microhardness profile revealed a significant difference in
microhardness among the base metals, heat affected zone (HAZ), thermo-mechanically
affected zone (TMAZ), and NZ in the case of AA 6082 and AMC (AA 6092/SiC/17.5p),
as they depend on the strengthening precipitate. Meanwhile, the hardness profile of AMC
(AA 6061B/SiC/20p) FSW joints showed that there is no difference in the measured
hardness between the welding zone and base materials because the welded joints are
exposed to thermal history similar to the initial heat treatment condition of the base metal,
T1, cooled from an elevated temperature shaping process and naturally aged.

The tensile strength of AA6082, and AMC (AA 6092/SiC/17.5p) cross-weld FSW
specimens was found to be lower than their base metals with a joint efficiency (the ratio of
the tensile strength of joint to the tensile strength of base metal) of about 71 and 75 %,
respectively. While for SAMC (AA 6061B/SiC/20p) FSW joints it is reached 108 % of that
of the base metal. The low-cycle fatigue results indicate that the fatigue life of the cross-
weld joints varies with grain size in the NZ, and it is always lower than that of the base

metal. A significant improvement in fatigue life is found to be related to the finer equiaxed
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grains dominated by HAGBs in the NZ, as well as, to less gradient in the grain size of the
cross-weld.

Residual stresses are significant concerns associated with the welding process, as it can
combine with applied stresses, which may lead to the reduction of structural properties. The
result of residual stress measurement by neutron diffraction techniques exhibited a typical
““M”’ profile, which indicates that compressive and tensile residual stress existed in the
base metal and welding zone, respectively. This has not only provided an improved
understanding of residual stresses in FSW joints but also has contributed to the validation of
3D fully coupled thermo-mechanical finite element (FE) model, which has been developed
based on Coupled Eulerian-Lagrangian (CEL) technique. The model is also used to predict
the thermal history and material flow in the FSW of aluminium alloy AA6082. The

numerical results showed a good agreement with the experimental results.
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Chapter 1 Introduction

1.1 Background and motivation

Lightweight and high-performance materials are of vital importance to such as
automotive, marine and aerospace industries. These industries have a set goal of reducing
the weight of their components so that better fuel economy and increased payload capacity
can be achieved, and greenhouse gases emission policies can be met [1]. One way to
achieve weight reduction with keeping the design to maximum performance is through the
using of advanced lighter materials [2]. Aluminium alloys have relied primarily instead of
the heavy alloys on these industries. In the last few years, the development of advanced
materials in particular metal matrix composites (MMCs), has opened the door to even
lighter structures. MMCs possess a wide range of properties, and these have led to
introducing it gradually as an alternative to high strength aluminium alloys in aero-engines
and aerospace structures in particular components, such as the Space Shuttle Orbiter, the
Hubble Space Telescope, and communications satellites [3-6]. The industry will continue
its push for lighter materials, particularly MMCs, which require advanced welding
technique such as friction stir welding (FSW).

FSW process is a relatively new solid-state welding technique invented by The
Welding Institute (TWI) in the early 90’s. In this process, the joint takes place in the solid
phase below the melting point of the materials to be joined. Thus, all the problems related
to the solidification of molten material are avoided. Since its invention, the FSW process
has attracted worldwide interest [7]. This process was first used to weld the super
lightweight external tank for the Space Shuttle at NASA [8]. Currently, this process is
considered a mature process for joining all aluminium alloys, many of which are considered
difficult or non-weldable by using conventional fusion welding processes [9, 10]. The
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automotive, transport and aerospace industries are currently the main users of this welding
process, and some examples are presented in Table 1-1 [1, 11, 12]. Furthermore, it is used
to join structural components of the Falcon IX rockets, Delta IV, and Atlas V, as well as,
the Orion Crew Exploration Vehicle [2]. The global FSW market is projected to reach USD
885.55 million by 2024 from USD 510.8 million in 2016, exhibiting a compound annual
growth rate (CAGR) of 7.12 % during 2016-2024 [13].

Therefore, there is a need to extend the current focus of the FSW process to MMCs,
because the size of MMCs components is severely limited by difficulties encountered in
joining these materials using conventional fusion processes. Efficient joints regarding
strength cannot be achieved by fusion based welding methods due to the reaction between
reinforcements and matrices leading to the formation of undesirable phase, which leaves a
depleted strength region along the joint line [6, 14]. With respect to welding processes, it
has been proven by several studies that more efficient joints with much-reduced porosity,
cracking, distortion, and reinforcement dissolution can be achieved when FSW is adopted.

Table 1-1 Examples of the welded components by FSW in different industries [2, 15-17]

Industry Examples

Automotive Brake rotors
Space frame
Cradles in chassis or engine
Fuel tank
Truck body
Marine Sailing boats
Landing platforms
Panels for decks

Railway High-speed trains
Container bodies
Aerospace Fuselage and wings
Fuel tanks
Rocket

Military aircraft
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1.2 Research challenges

Aluminium matrix composites (AMCs) have emerged as a class of MMCs which offer
a number of potential benefits for advanced applications, due to their tailored mechanical,
physical, and thermal properties that include low density, high thermal conductivity, low
coefficient of thermal expansion, high specific stiffness, good dimensional stability, and
excellent strength to weight ratio [18, 19]. The properties of AMCs reflect their status as
prime materials for use in the aerospace structures. However, weldability is the primary
barrier to their widely spread in the aerospace industry. Several challenges remain in using
FSW to join AMCs even with considerable progress having been made in recent years.

Currently, there are a minimal amount of the existing data in term of tensile strength
and fatigue life of AMCs FSW joints, and even less information about the optimum process
parameters. This can be related to the mechanical microstructural complexity of the process
and the relatively large number of process parameters (traverse and rotation speeds, tool
design, and applied force) that could influence the properties of joints. Also, it appears from
the literature that there is a lack of detailed understanding on the effect FSW parameters,
such as tool rotation and traverse speeds on the thermal history, microstructure evolution,
residual stresses and its impacts on the structural properties of FSW joints, in particular,
tensile and low cycle fatigue behaviour.

Furthermore, until today, there has been no work carried out to investigate the
applicability of FSW to weld AMC (AA 6092/SiC/17.5p-T6) and Sandwich aluminium
matrix composite (SAMC) (AA 6061B/SiC/20p-T1). These materials are attractive for
many industries such as aerospace and automotive. The welding of these materials is
technically challenging due to the existence of hard reinforcement particles (SiC) and low

ductility, which leads to reducing the flowability of softened material during the welding
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process and consequently effect on the joint soundness. Therefore, there is a clear need to

examine the feasibility of FSW to join AMCs.

1.3 Aims and objectives

The aim of this work is to establish a fundamental understanding of microstructural
changes and mechanical properties of the FSW components, with a particular focus on the
6xxx series as aluminium alloy and composite aluminium. This primary research aim is
supported by achieving the following research objectives:

e Improved understanding of the effect of FSW parameters on the thermal history and
microstructural changes.

e Determination of the main microstructural factors that control the local mechanical
properties.

e Development of interactive relations between the quality of weldments and the FSW
parameters, i.e., tool rotation and traverse speeds.

e Assessment of the feasibility of joining AMCs using FSW process.

e Clarify the residual stress state in friction stir butt welds Al and AMCs as a function
of varying process parameters.

e Detailed finite element (FE) simulation to predict the welding temperature, residual
stresses and materials flow in the FSW of aluminium alloy.

The microstructural investigations in this project were performed using optical,
Scanning Electron Microscopy (SEM), Electron-backscattered diffraction (EBSD), and
Transmission Electron Microscopy (TEM). Microhardness, tensile and low cycle fatigue
(LCF) testing was used to characterise the structural properties of FSW joints. The obtained
results are elucidated in the light of the interaction between the welding parameters and
based on the existing theoretical background. Finally, simulation of the FSW process was

carried out using the ABAQUS software.

Page | 4



1. Introduction

1.4 Thesis contributions

The ultimate goal of this thesis is to extend the usability of Al and AMCs to aerospace

structures, an outcome which can only be achieved by solving the problem of weldability,

specifying the suitable welding windows, and improving the quality of weldments. The

contribution of this thesis can be summarised as follows:

For the first time, FSW has been used to weld two new materials namely AMC (AA
6092/SiC/17.5p-T6) and SAMC (AA 6061B/SiC/20p-T1). Also, aluminium alloy AA
6082-T6 has been investigated.

A parametric study for each material with a goal to cover a wider range of FSW
parameters, i.e. tool rotation and traverse speeds, has been done followed by a
comprehensive joints characterisation in term of the evolved microstructures and
mechanical properties.

Identification of the defect formation in FSW joints, its relationship with FSW
parameters and its effect on tensile strength.

This thesis serves as a starting point to improve the understanding of the
interrelationship between the process parameters and mechanical properties of FSW
joints. This is accomplished by looking into the basic physics of how the experimental
parameters influence the physical mechanisms. Knowledge of these interrelations is
required to develop process maps that could be used to predict optimised weld
conditions to produce high weld quality.

Advancement of tool surface heat treatment which prevents and/or mitigates the wear
of FSW tool.

Develop finite element based model which can predict the amount of heat input,
material flow and residual stresses based on the process parameters and material

properties.
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e Thiswork is undertaken as a first step in providing essential information that will assist
the manufacturing industry to make sound decisions concerning selecting FSW

parameters for weldable structural alloys.

1.5 Thesis structure

This thesis is presented in seven chapters with the main content of each chapter
summarised as follows:

Chapter 1 gives a general background and motivation of the need for lightweight
materials and FSW process followed by some examples of industrial applications. Also,
particular attention paid to the research challenges of FSW of Al-alloy and AMCs, the aims
and objectives of the research, and the contribution of this work.

Chapter 2 provides a detailed review of the current state-of-the-art of the FSW process
in order to summarise the current understanding of the subject and highlight areas where
further research is needed.

Chapter 3 presents a detailed description of the experimental techniques utilised in
this project, including the candidate material and its properties, FSW setup, welding
temperature measurements, microstructural characterisation, mechanical testing, and
residual stresses measurements.

Chapter 4 presents a parametric study to examine the effects of FSW parameters on
the thermal histories and metallurgical characterisations of Al alloy and AMCs with a
detailed discussion of the microstructural development in the various welds.

Chapter 5 studies the mechanical characterisations and residual stresses of Al alloy
and AMCs; the obtained results are analysed based on the obtained microstructural results

in Chapter 4.
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Chapter 6 presents the FE simulation of FSW of aluminium alloy. Also, this chapter
provides a comparison between the results obtained from FE simulation and corresponding
experimental measurements for validation.

Chapter 7 is the last chapter which summarises the conclusions of this work and

outlines possible recommendations for future studies.
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Chapter 2 Literature review

2.1 Introduction

Aluminium alloy and advanced materials like aluminium matrix composites (AMCSs)
have attracted considerable attention due to their appealing mechanical properties and a
clear potential for transportation and aerospace applications. They are thus viewed as an
ideal candidate as a new generation of lightweight and high strength materials. However,
the implementation of AMCs is restricted, and it is not widely used in the aviation industry,
in part because of the difficulties that are related to the welding of these metals by
conventional welding processes. FSW is a relatively new solid-state joining technology
process, which makes the process promising for joining AMCs and produce more efficient
joints with much-reduced defects and reinforcement dissolution. However, FSW of AMCs
has yet to be fully implemented to mainstream high-value manufacturing industries due to
a number of challenges, all of which are directly related to FSW process parameters and
the nature of the base materials.

This chapter aims to provide a detailed review of the current state-of-the-art of FSW of
aluminium alloy and AMCs, and it is structured as follows: firstly gives a description on
the FSW process, tool design, metal matrix composites (MMCs), and the weldability of
aluminium alloys and AMCs in Sections 2.2 to 2.5. This is followed by a detailed
evaluation of a number of critical issues in FSW of AMCs focusing on the macrostructure
and microstructure, mechanical properties of AMC joints, as well as tool wear in
Sections 2.6 to 2.8. Section 2.9 reviewed the work that has been done in FSW of aluminium
alloy AA 6082. Finally, conclusions are drawn with a particular view on future challenges

and research directions.
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2.2 Friction stir welding (FSW)

The invention of the FSW process in 1991 was made by The Welding Institute (TWI)
in the United Kingdom as a solid-state joining process for joining aluminium alloys [20].
The peak welding temperature can be limited to 80% of the melting temperature of the base
metal. Therefore, this process can be considered a hot working process. As FSW has been
widely used to join aluminium alloys, it may be developed as a viable route to join AMCs
especially for high strength non-weldable series (AA 2xxx, AAG6 xxx, and AA 7xxx), which
are susceptible to solidification cracking in the weld zone and liquation cracking in the heat
affected zone (HAZ) [21]. Dissimilar joints of AMCs or with different metals can be
manufactured by using FSW without concerns for composition compatibility, which is an
essential consideration in fusion welding to avoid solidification cracking [15].

FSW is an ideal process for producing low cost and high-performance joints. The
practical approach of FSW is to use a non-consumable rotating tool consisting of two parts
including a shoulder and a pin. During FSW the pin is inserted into the faying surface of
the plates and then moved horizontally in the direction of the joint line as shown in
Figure 2-1. The surface of the tool has dual actions for heat generation and mechanical
sweeping of softened metal. The heat input through the frictional action between the tool
and workpiece leads to softening of the area around the pin. Meanwhile, the softened
materials are swept in the form of severe plastic deformation from the advancing side (AS)
to the retreating side (RS) to form a solid-state joint. The advancing and retreating sides of
the plates to be joined are defined by the direction of tool rotation (clockwise or anti-
clockwise) and the traverse movement of the tool. Plate side is defined as advancing if the
tool movement is in the same direction of the tool rotation, whilst it is retreating if the tool
moves in the opposite direction (see Figure 2-1). Different types of joints like butt, lap, and

T-joints can be welded successfully by FSW [15, 22, 23].
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Moreover, FSW is considered as a green and environmentally friendly welding
technology because of low energy consumption, no gas emission, and no need for
consumable material such as electrodes, filler metals, and shielding gases (normally present
in fusion welding processes). A survey carried out by the American Welding Society
(AWS) in 2002 showed that $34.4 billion per year is spent on arc welding including the use
of consumables, repair, and energy consumption in the USA. The adoption of FSW has
increased rapidly, and 10% of joining processes have reportedly been replaced by FSW

[24].

Axial Force

A ' ' Retreating Side
Nugget Zone

Shoulder :. Advancing Side
Pin

Section A-A
Figure 2-1 Schematic drawing of FSW

2.3 FSW tool design

Each part of the FSW tool (shoulder and pin) has a particular function. The rate of heat
generation, the flow of plasticised metal, and rotational and linear motion are experienced
by tool geometry. The use of a proper FSW tool design is the crucial factor in ensuring a
high-quality welding joint. Three main criteria should be considered when designing FSW
tools which are tool types, shoulder shapes and dimensions, and pin shapes and dimensions

[23, 25-27].
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2.3.1 FSW tool types

FSW tools can be classified into three types, fixed, adjustable, and self-reacting
(bobbin) tool as shown in Figure 2-2. The first one is used for constant base metals
thickness, while the second one is used for a range of thickness and both of them can work

with a tilt angle. On the other hand, the self-reacting tool is used for different thickness

without needing for the backing plate and cannot work with tilt angle [23].

Figure 2-2 Types of FSW tool; (a) Fixed, (b) Adjustable, and (c) Self-reacting [23]

2.3.2 Shapes and dimensions of FSW tool shoulder

Heat generation, forging action to consolidate welding, and heat concentration in the
NZ are the main purposes of tool shoulders. The net power (q,) during the welding process
can be calculated based on the equation (go=4/3 m?uP w R3), where (u): friction
coefficient, (P): pressure (MPa), (w): rotation speed (rev/min), and (R): shoulder radius
(mm). According to Zhang et al. [23] and Fuller, C.B. [25] tool shoulders consists of three
parts; outer surface, end surface, and end surface features as shown in Figure 2-3. Firstly,
the outer surface of shoulder is either cylindrical or conical, which does not affect
significantly on the weld quality due to the shallow plunge depth (1-5% of plate thickness).
Secondly, flat, convex, and 6-10°concave is the main shoulder end. Metal flash and removal
from the welding zone during FSW are the main limitations of flat and convex shoulders
respectively. While concave shoulders with 6-10° angle are leading to trapping the flow of
stirring metal under the end of the shoulder effectively. Finally, the end surface of the

shoulder can have features such as scroll, grooves, and circles to increase the mixing
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process and the amount of deformed materials. Shoulder diameter (SD) can be calculated
based on the equation (SD = 2.2 t + 7.3), where t: plate thickness or from Figure 2-4 (a)

[23].

Shoulder outer surface Shoulder end surface

.
1 1 1

Cylindrical Conical Flat Concave Convex

End surface m
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e e L L
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Scrolls Ridges Knurling  Grooves Concentric circles

Figure 2-3 Shoulder shapes and features [23]
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Figure 2-4 (a) Tool shoulder and pin (probe) diameters versus plate thickness, and (b) Relation
between tool shoulder and pin diameters [23]
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2.3.3 Shapes and dimensions of FSW tool pin

The shape of tool pin influences the flows of plasticised materials and disruption of the
faying surfaces. It is designed to shear the material facing the tool and move it behind the
tool. Figure 2-5 shows the shape of the pin and their major features. Dome or flat is the
main shape of pin end. Domed shape is used to reduce the plunging force (stress
concentration), tool wear, and improve the quality of the joints. Best results are achieved
when the dome radius is 75% of the pin diameter. The thickness of plate influences the
shape of the pin, i.e. the cylindrical probe is used for up to 12 mm plate thickness. In
contrast, a tapered pin is used for thicker materials, which needs more plastic deformation.
The pin diameter (PD) can be calculated from equation (PD = 0.8t + 2.2), where (t):

plate thickness or from Figure 2-4 (a) [23, 25, 27, 28].
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Figure 2-5 Pin shapes and features [23]

Page | 13



2. Literature review

2.4 Metal matrix composites (MMCs)

In recent years, MMCs have attracted considerable attention for critical applications in
industrial sectors such as spacecraft structures, deck panels, and automotive and railway
brake discs. The global demand for MMCs is expected to increase from about 5,496 tons
to nearly 8,000 tons in the period from 2012 to 2019, and it is continuously rising as shown

in Figure 2-6 [29].
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Figure 2-6 Global demand for MMCs [29]

Light metals like aluminium, magnesium, and titanium alloys are considered as ideal
base matrices to produce MMCs reinforced by carbide, nitride, boride, and oxide in the
form of particles, whiskers, and fibres [30] as shown in Figure 2-7 [19]. MMCs can possess
unique properties including good thermal conductivity, low coefficient of thermal
expansion, low specific density, high specific stiffness, good dimensional stability, and
excellent strength to weight ratio depending on the type of reinforcements used [6, 31, 32].
As a result of these desirable properties, MMCs have been used to withstand excessive

space environmental condition of substantial changes in temperature. For example, the
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International Space Station is exposed to varying temperatures from +125°C to -125 °C as

it orbits around the earth [33].

> e NS s S ol : S
Figure 2-7 Reinforcement types; (a) Fibres, (b) Whiskers, and (c) Particles [19]

As a versatile material, AMCs may be selected as an alternative to high strength
aluminium alloys in aerospace structures like fins, wings, and fuselage. In 2001 NASA
used composite aluminium Al-Li 2195 rather than aluminium alloy Al 2219 for the external
fuel tank of space shuttles leading to a reduction of weight by 3,400 kg. This saving in
weight increases the cargo capacity of space shuttles and enables it to transport more than
one components in a single flight to the International Space Station [2]. Also, the use of
B/AIl in truss and frame of aeroplanes saved 45% weight from an all-aluminium design.
Another application of AMCs is a 3.6 m antenna for Hubble Space Telescope manufactured
from Gr/Al (P100/6061 Al). It offers high stiffness, superb electrical conductivity, and low
coefficient of thermal expansion [33]. Also, AMCs have found a wide range of applications
in the military sector such as armour, due to the combined static strength and high ballistic
performance [15].

2.5 Weldability of aluminium alloys and AMCs

The strength of pure aluminium is inadequate for structural applications. Therefore, to
eliminate this limitation it is alloyed with other metals like copper, manganese, magnesium,
zinc, and silicon. Different mechanical properties can be achieved by controlling the

amount of alloying elements and heat treatments. Aluminium and its alloys are considered
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as formable and ductile due to their face-centred cubic crystal structure. It is available in
wrought and cast forms. The former can be produced by rolling (hot or cold), extrusion,
and forging, while the latter can be made from sand casting, lost wax casting, permanent
steel mould casting, and die-casting. Wrought aluminium is classified into two types
depending on the main alloying elements. Non-heat treatable weldable aluminium alloys
including AA 1xxx, AA 3xxx, and AA 5xxx series are strengthened by cold working,
whereas AA 2xxx, AA 6xxx and AA 7xxx series are heat treatable non-weldable alloys can
be strengthened by precipitation hardening [34, 35].

In general, welding of aluminium and its alloys needs more attention, especially for the
non-weldable ones. Problems may occur including the loss of strength and defect formation
when fusion welding processes are used. Trapped porosity may also appear in the cross
section of coalescence, due to the dissolution of shielding gases (oxygen, nitrogen and
hydrogen) or moisture in the electrode and flux in molten metal as shown in Figure 2-8.
Furthermore, lack of fusion occurs in part due to the high melting temperature up to 2060
°C of stable aluminium oxide on the surface. Centre-line or solidification cracking is also
a serious problem in fusion welding of aluminium alloys as shown in Figure 2-9. This
failure occurs as a result of stresses induced by a metal contraction in cooling due to the
difference between the solidification temperatures of pure metal and alloying elements. The
variations in the heating and cooling cycle in the HAZ normally result in lowered the

strength of joint in non-weldable alloy [34, 36].

Figure 2-8 Trapped porosity [34]
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Figure 2-9 Centre-line cracks in AA 6082 plate /4043 filler metal TIG weld [34]

In addition to the aforementioned problems accompanied by welding of aluminium and
its alloys, other difficulties come into view when AMCs are welded by fusion welding
processes including. (a) Incomplete mixing between filler and base metal (BM). (b)
Formation of the excess eutectic. (¢) The presence of large size porosity of more than 100
pm in the fusion zone, and (d) Reaction between molten metals and reinforcements
resulting in undesirable phases such as AlsC3[15]. A study was reported by Storjohann et
al. [37] to compare three types of fusion welding (GTA, LBW, and EBW) with heat inputs
of 165, 108, and 5.9 J/mm, respectively, with solid state welding (FSW) to fabricate similar
AMC joints for AA 6061/Al>03/20p (20% Volume of Al.Os particles) and AA
2124/SiC/20w (20% Volume of SiC whiskers). They found that in all fusion welding
processes Al>Os particles completely dissolved in molten aluminium leading to the
reduction in the strength of joints as shown in Figure 2-10. In the case of SiC whiskers, the
formation of Al4C3 and precipitation of rich Si phase occurred as a result of the fast reaction
between the reinforcement and molten metal as shown in Figure 2-11. In contrast, good
joint was achieved by FSW and there was no significant change in reinforcement volume
fraction for both AMC joints. Therefore, the findings of this study gave a clear indication

of the suitability of FSW to weld different types of AMCs.
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Figure 2-11 Optical micrograph of a fusion weld by LBW on AA 2124/SiC/20w [37]

2.6 Macrostructure and microstructure of FSW joints in AMCs

The quality of a weld joint can be assessed primarily by the evaluation of
macrostructure and microstructure. The workpieces are exposed to thermal cycles and
severe plastic deformation at high temperature through the rotation of the tool in FSW. As
a result of either excessive or insufficient heat input in the weld zone, defects such as tunnel
defects and kissing bonds may occur in the welded joint. Also, there are significant changes
in the shape and structure of the welding zone. Hence suitable welding parameters need to
be selected to avoid these defects. Therefore, the evaluation of macrostructure and

microstructure of FSW joints has been carried out extensively.
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2.6.1 Macrostructure of AMC joints

The macrostructure examination of welding zone can be used to reveal the quality of
welded joints. Three different zones; nugget zone (NZ), thermo-mechanically affected zone
(TMAZ), and heat affected zone (HAZ) can be identified in the macrostructure of AMC
joints as shown in Figure 2-12. Wake effect, shape of the NZ, onion ring structure, and
tunnel defect are typical features which can be examined visibly or at low magnification.
Several conditions like types of BM, workpiece thickness, welding parameters, and shape

of tool play a significant role in the formation of these features.

‘ (%73

Figure 2-12 Cross-sectional macrostructure of FSW AA 2009/SiC/17p joint [38]

The first feature is characterised by the so-called wake effect at the surface of plates.
Both Kalaiselvan et al. [39] and Ceschini et al. [40] reported that the formation of the wake
effect by FSW of AA 6061/B4sC and AA 7005/Al,03/10p plates, respectively. They
considered that it was the friction action between the tool shoulder and the horizontal
movement on the surface of the plate that led to the formation of wake effect during FSW.

The shape of NZ is the second feature which can be identified by macrostructural
examination. Mishra and Ma [15] classified the shape of NZ into two profiles, basin and
elliptical as shown in Figure 2-13. Feng et al. [41] reported the formation of the elliptical
shape of the NZ in AA 2009/SiC/15p weldment at 600 rpm. They also noticed that the post
weld heat treatment (PWHT) did not affect the profile of the NZ. Recently, Ni et al. [38]
and Wang et al. [42] reported that the basin-shaped NZ was obtained by FSW using the

same material (AA 2009/SiC/15p) at higher rotation speeds at 800 and 1,000 rpm,
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respectively, which gives an indication about the effect of tool rotation speed on the NZ

shape.

-_— | -
Figure 2-13 Nugget zone shape; (a) Basin, and (b) Elliptical [15]

The third feature that characterises the NZ is the appearance of onion ring structure in
swirl pattern as shown in Figure 2-14. Cavaliere et al. [43] and Ceschini et al. [44]
mentioned that the formation of the onion ring structure through the cross-section weld of
AA 6061/Al,03/20p plates. They considered that the flow behaviour of softened metals and
the differences in dislocation density during the joining process are the main reasons for
the formation of the onion ring structure. Bozkurt et al. [45] reported that the sweeping of
softened metals and the horizontal movement of the FSW tool are the key mechanism for
the formation of the onion ring structure when joining AA 2124/SiC/25p. Nami et al. [46]
explained that the formation of the onion ring structure in FSW Al/Mg2Si/15p depends on
the effect of grain geometry and the difference in the size of the grain. They clarified that
an alternating layer of Mg»Si eutectic needle and fine particle Mg.Si was found in rich and
small bands, respectively. Also, they pointed out that the number of FSW passes can change
the distribution and volume of M@>Si in the NZ.

However, the onion ring structure can partially appear or disappear entirely under
certain conditions due to the type of AMCs, recrystallisation characteristics, and plate
thickness. Chen et al. [47] and Marzoli et al. [48] found that the formation of the onion ring
was not visible in the AS but clearly visible in the RS in FSW AA 6063/B4C-T5 and
6061/A1,03/20p, respectively, as shown in Figure 2-15. This was attributed to the partial
recrystallisation which happened in the weld zone and hindered the flow of metal by

reinforcement. Furthermore, Ni et al. [38] and Wang et al. [42] reported that there was no
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visible onion ring in a basin shape welding zone in FSW AA 2009/SiC/17p-T351 and AA
2009/SiC/15p-T4, respectively. They reckoned that the reduction in thickness led to the

disappearance of the onion rings.

Advancing
side

Retreating
side

St X Onuon rings in the nugget
Flgure 2-14 Optical micrographs of onion ring in FSW AA 6061/Al,03/20p [44]

Advancing Side Retreating Side
2 YIDNEY j-— 55

Figure 2-15 Partial appearances of onion ring in cross-section of AA 6063/?34C/10.5p welded by
FSW [47]

Figure 2-16 shows the tunnel defect that can be identified by macrostructure
examination. It is found that the frequency of tunnel defect generation in FSW depends on
the speed of tool rotation. The appearance of this type of defect can be attributed to
insufficient heat input or inappropriate flow of plasticised metal. Cioffi et al. [49] identified
clearly the appearance of tunnel defect in the AS of FSW AA 2124/SiC/25p at a low
rotation speed of 300 rpm. The tunnel defect is less likely to happen as the rotation speed
increases to 800 rpm which produces defect-free joints. They claimed that higher speed
allowed higher energy input and hence sufficient plastic flow for minimised tunnel defects.
Similarly, Nami et al. [46] reported tunnel defect in FSW Al/Mg.Si/15p at low and high
rotation speeds. They argued that tunnel defect occurred due to the improper flowability of
metal in the stir zone as results of lack of heat input at low rotation speeds between 710 and

900 rpm or excessive heat at higher rotation speeds between 1,300 and 1,400 rpm.
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Figure 2-16 Tunnel defect in cross-section morphology of an AA 6061/AIN/10p joint welded in
1,200 rpm and 85 mm/min [50]

Periyasamy et al. [51] studied the effect of heat input on the metallurgical properties of
AA 6061/SiC/10p joint. The evaluation was carried out at five heat inputs of 755, 850, 945,
1,039, and 1,133 J/mm obtained by applying five tool rotation speeds through calculation.
They found that the metal flows intermittently if heat input was below 1,039 J/mm, while
turbulent flow behaviour occurred at a higher value of more than 1,039 J/mm. Tunnel defect
appeared in the AS of the fabricated joint at a heat input of 1,133 J/mm as a result of the
excessive flow of plasticised metal to the upper surface. Interestingly, this observation was
confirmed recently by Fu et al. [52] when studying FSW of high strength aluminium alloy
AA 7050. They indicated that the submerged FSW (plate under water by 3 cm) gave high-
quality joint (tunnel defect free) than that welded in the air. In addition, the location of the
tunnel defect in FSW in the air can occur either in the bottom or on the top region of the
AS.

In conclusion, wake effect, nugget shape, onion ring, and tunnel defect are the main
macrostructure features of AMCs welded by FSW. Rotation speed and the amount of heat
input have a significant effect on the nugget shape and tunnel defects, while material flow
behaviour, recrystallisation, and plate thickness effect are the main factors for the
appearance of an onion ring. Hence the quality of AMC joints can be improved if the

temperature of the weld zone can be carefully controlled.
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2.6.2 Microstructure of AMC joints

The generated heat through the rotation of the FSW tool would ideally reach
approximately 0.8 of the melting temperature of the joined AMCs. This leads to
reinforcement redistribution and refinement, recrystallisation, and grain growth in the NZ.
The microstructure of the AMC shows that the reinforcement materials clustered and
distributed heterogeneously in the matrix as a result of production processes (casting or
powder metallurgy). The inhomogeneous distributions of reinforcement materials in the
microstructure of the BM can affect the isotropy of mechanical properties. It is accepted
that the stirring action during FSW causes a break up of clustered reinforcement and
homogenous distribution in the weld zone due to the mixing of material and severe plastic
deformation [38, 39, 45, 46, 49, 53]. In contrast, Periyasamy et al. [51] reported that the
NZ of AA 6061/SiC/10p joints fabricated at a heat input below 1,039 J/mm consisted of
coarsely clustered SiC particles.

Meanwhile, the size of Al.Oz and SiC particles decreases obviously as compared to the
original material, and the particle edges can be rounded or blunted in the NZ. As a result,
the aspect ratio of the particles decreases noticeably. This phenomenon may be explained
by the abrasion and stirring effect between particles and tool pin circumference, shoulder
surface during welding process [37, 38, 48, 54]. Ceschini et al. [44] pointed out that finer
particles were formed closer to the shoulder of the tool than the tip of the pin. However, if
the size of the original reinforcement is small, it is not exposed to the refinement process.
For example, Storjohann et al. [37] reported that no change was noticed in the size of SiCw
reinforcement with a diameter of 1-2 um and length of 5-7 um. Instead, the whiskers were
reoriented as shown in Figure 2-17, while 20 um Al>O3 particles were subjected to

refinement during FSW.
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The NZ may be characterised by equiaxed grains much smaller than those in the BM.
This indicated that new grains nucleated in the NZ during FSW as a result of dynamic
recrystallisation. Feng et al. [41] reported that an obvious reduction in grain size of the NZ
reached about 5 um in FSW of 8 mm thickness AA 2009/SiC/15p plate. Grain growth
occurs after PWHT to a T4 condition which leads to a grain size of 8 um. Similar
observations were made by Wang et al. [42]. They reported that the reduction of grin size
from 10 um to 6 um taking place in the NZ of FSW 6 mm thick AA 2009/SiC/15p plate.
They believe that the high energy point on SiCp broken surface is the main location of the
nucleation and growth of nano-sized grains to decrease the aluminium
matrix/reinforcement interface free energy. However, the growth of new grains in T4
PWHT was restricted by the presence of SiC particles. In addition, Periyasamy et al. [51]
indicated that a fine grain structure, fine eutectic, and the elimination of dendritic structure
in the NZ were achieved at high heat input through the increase of tool rotation speed. On
the other hand, faster cooling rate due to low heat input leads to the formation of coarse
grains because of incomplete recrystallisation in the NZ of AA 6061/SiC/10p FSW joint.

In summary, the evaluation of microstructure of AMCs welded by FSW showed an
improvement in reinforcement distribution and refined particles due to the stirring action
in FSW. Also, the formation of new grains with equiaxed dimensions occurs as a result of

dynamic recrystallisation process.
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2.7 Mechanical properties of FSW joints in AMCs

For FSW of AMC joints, the evaluation of mechanical properties like microhardness,
tensile strength, and fatigue is of considerable importance, particularly for critical
components. It is also possible to optimise the welding parameters based on the evaluation
of these properties which reflect the joint efficiency (the ratio of the tensile strength of joint
to the tensile strength of base metal) of the weldment.

2.7.1 Microhardness of AMC joints

Transverse microhardness through the cross-section of a welded joint can indicate the
change of various phases and reinforcement distribution in FSW of AMCs. Two different
profiles of microhardness curves have been observed in the joint cross section of AMC
weldment.

Firstly, it is well accepted that the highest hardness value occurs in the centre of the
NZ followed by a gradual decrease across the TMAZ and HAZ until reaching the hardness
value of the BM as shown in Figure 2-18 [39, 41, 43, 46, 51, 54-57]. This is attributed to
more grain refinement in the NZ due to dynamic recrystallisation and more uniform
distribution of finer reinforcement particles in the weld zone due to FSW action. These
conclusions agreed with the Hall-Petch equation (inversely proportional relation between
hardness and grain size) and the Orowan hardening mechanism (hardness can be improved
if finer particles distribute homogenously) [56]. Also, it may be concluded from Figure 2-18
that lower heat input leads to the formation of coarse grains because of incomplete

recrystallisation and thus a reduction of the NZ microhardness.
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Figure 2-18 Microhardness profile across the weld region of AA 6061/SiC/10p at different heat
input [51]

Secondly, Figure 2-19 shows the “W” shape profiles of microhardness curves which
can be obtained in FSW of AMC joint, as reported by a number of researchers [38, 45, 49,
58]. Bozkurt et al. [45] explained that the behaviour of this curve depended on the amount
of induced dislocation and particle refinement for AA 2124/SiC/25p—-T4 FSW joint. The
microhardness of the BM was nearly 185 Hv (Vickers hardness). Meanwhile, the hardness
of the NZ was 170 and 165 Hv in the root and top of the joint, respectively. The generation
of dislocation due to the difference in thermal expansion between the aluminium matrix
and reinforcements particles was more significant in the NZ than in the HAZ. Therefore,

the HAZ showed lower hardness on both the AS and the RS than that of the NZ, which was

only about 155 Hv.
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Figure 2-19 Microhardness profile across the weld region of AA 2124/SiC/25p [45]

2.7.2 Tensile strength of AMC joints

The tensile strength of AMC joints fabricated by FSW was compared to that of the BM
composite. The efficiency of the joint produced by FSW is higher than that fabricated by
conventional welding methods. Many factors influence the tensile strength of AMC joint
including tool design, welding parameters, PWHT, and the formation of the intermetallic

compound. Table 2-1 summarises the tensile properties of AMCs welded by FSW.
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Table 2-1 Welding variables and tensile properties of AMC joints welded by FSW

Base metals -Plate Rotation Traverse Axial UTS Yield \-Jo-int
Base metals thickness speed speed force Tool Shape stress EL (%) efficiency
condition ) (MPa)
(mm) (rpm) (mm/min) (kN) (MPa) (%)
AA 6061/ZrB2/10 [59] cast 6 1155 48.8 5.9 square 243 - - 95.8
AA 6061/B4C/12 [60] cast 6 997 78 9.3 square 208 - - 96.83
AA 6061/B4C/12 [39] cast 6 1000 80 10 square 201 - 2.5 934
AA 6061/AINp [61] cast 6 1200 55 5 square 225 - 0.77 93.42
AA 7005/Al,03/10p [43] Extruded-T6 7 800 56 - - 260 245 0.58 83.87
AA 6061/Al,03/20p [43] Extruded-T6 7 800 56 - - 329 280 1.3 86.80
AA 6061/Al,03/20p [48] Extruded-T6 7 700 300 - - 251 234 - 70
AA 6061/Al20s/22p [54] cast 4 880 260 - cylinder smooth 227 - - 99
AA 6061/SiC/10p [51] cast 6 1100 45 6 cylinder thread 206 126 6.5 74
AA 6061/SiC/10p [56] cast 6 1370 88.9 9.6 cylinder thread 265 - - 92.3
AA 2124/SiC/25p [62] Forged T4 3 1120 40 - cylinder thread 366 - - 81
AA 2124/SiC/25p [49] Forged-T6 15 550 75 8.5 conical thread 642 478 2.9 86.5
Al/M@2Si/15p [46] cast 6 1120 125 - cylinder thread 110 - - 95
AA 2009/SiC/15p [41] Extruded-T4 8 600 50 - cylinder thread 450 320 3 95
AA2009/SiC/17p [38] Rolled-T351 3 1000 50 - cylinder 443 274 4.7 76
AA 2009/SiC/15p [42] Rolled-T4 6 800 100 - conical 441 306 5.4 82
AA 2009/SiC/17p [58] Extruded-T4 3 1000 800 - conical thread 501 341 3.5 97
AA 6063/B4C [47] extruded 4.5 1500 600 - conical 176 125 2.5 62
Al-4.5%Cu/TiC/10p [57] rolled 5 500 20 6 cylinder thread 173 - 2.83 89

EL: Elongation; joint efficiency: the ratio of the tensile strength of joint to the tensile strength of the base metal
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2.7.2.1 Effect of tool design

The shape of the tool shoulder and pin plays a significant role in the tensile strength
of FSW joints. Vijay and Murugan [63] investigated the effect of different pin shapes
(square, hexagonal, and octagon) in tapered and un-tapered profile on the tensile
properties of FSW Al/TiB2/10. The joint efficiency fabricated by un-tapered square pin
exhibits a maximum tensile strength which reaches 99.47% of that of the BM in
comparison to other profiles. This is attributed to the high ratios of static volume to
dynamic volume of plasticised material, measured as 1.56 for the square pin, 1.21 and
1.11 for hexagon and octagon profiles, respectively. This result was confirmed in a later
study by Hassan et al. [64]. They used un-tapered (square, hexagonal, and octagon) pin
profiles to join hybrid AMC (Al-4%Mg, 1% SiCp and 1% graphite particles). Wang et
al. [58] found that the use of conical threaded pin at high traverse speed at 800 mm/min
rather than a flat cylinder in joining AA 2009/SiC/17p led to an increase of the joint
efficiency to 97% due to the improvement of the flowability of softened material. In a
study reported by Yigezu et al. [65] in FSW 5 mm thick Al-12%Si/TiC/10 plates, three
shoulder diameters (18, 20, and 22 mm) and threaded cylinder pin were used as FSW
tool. They reported that the tensile strength of the weld joints varied from 124 MPa to
172 MPa depending on the tool type and process parameters. A 20 mm shoulder diameter
is preferable for obtaining the maximum ultimate tensile strength (UTS). More recently,
Kumar et al. [57] investigated the tensile strength of 5 mm rolled Al-4.5%Cu/TiC/10. In
order to reveal the effect of three shoulder surface geometries on mechanical properties,
full flat surface, 1 mm flat surface, and 2 mm flat surface shoulder with a 7° concave
angle were used in FSW. Among the three surface shoulders, the second shoulder

configuration resulted in the highest tensile strength. They concluded that the higher heat
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input as a result of the higher contact area between the second shoulder surface and the
workpiece led to sufficient mixing in the stirring zone, as compared with the other two
tool profiles.
2.7.2.2 Effect of welding parameters

In FSW process, the welding parameters including tool rotation speed (®, rpm),
traverse speed (V, mm/min) and axial force (F, kN) affect the amount of friction heat
generation and mixing process. Therefore, optimum welding parameters must be selected
in order to produce the best joint strength. The efficiency of AMC weld joints is generally
in the range from 60% to 97% of those of the BM. It is accepted that the UTS of FSW
joints of AMCs increases by increasing the rotation speed until a specific limit [46, 50,
51, 56, 59, 60, 62]. The maximum strength was achieved by using a rotation speed
ranging from 1,000 to 1,200 rpm depending on the types of AMC. This leads to the
conclusion that there is insufficient heat input in welding joint if the rotation speed is
below 1,000 rpm, whilst excessive heat input is produced for the weld joint if the rotation
speed is more than 1,200 rpm. Either the case of insufficient or excessive heat input
produces an inadequate mixing of soft metal. On the contrary, both Yigezu et al. [65] and
Kumar et al. [57] reported that the tensile strength decreases linearly when the tool
rotational speed increases in FSW rolled AIl-12%Si/TiC/10 and rolled Al-
4.5%Cu/TiC/10, respectively.

In addition to the tool rotation speed, another important parameter is the traverse
speed of the tool along the weld line. A suitable traverse tool stirs the material efficiently
from the AS to the RS. Three possible behaviours for the effects of the traverse speed on

the tensile strength of AMC joints are discussed below.
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Firstly, the unsteady behaviour of the traverse speed on the tensile strength for
different types of AMC has been noted. For example, researches [50, 56, 59] on AA 6061
composite aluminium as base matrices showed that the relation between the UTS and the
traverse speed is not directly proportional. As traverse speed increases, the tensile
strength increases and reaches a maximum value before it decreases. They assert that the
amount of heat input due to friction action between the tool and BM is mainly affected
by tool rotation speed. On the other hand, the cooling rate is determined by the traverse
speed. Therefore, at lower traverse speed an increase in frictional heat generation and
slow cooling rate is accompanied by coarse grains (grain growth). Tunnel defects may
occur due to excessive stirring resulting from slow traverse speed. In contrast, at higher
traverse speeds insufficient heat input is generated into the joint, which leads to
inadequate stirring action of softened material from the AS to the RS also causing tunnel
defects. Therefore, reduced tensile strength can be resulted from both low and high
traverse speeds.

Secondly, a linear behaviour of traverse speed on the tensile strength for AA
2009/SiC/17p was reported by Wang et al. [58]. The maximum joint efficiency was
achieved to reach 97% of the BM at a higher traverse speed of 800 mm/min. They pointed
out that at lower traverse speed failure of the joint happened in the HAZ which was
characterised by lowered hardness due to dissolution and precipitates growth. This led to
a reduction in tensile strength. On the other hand, as the traverse speed was increased the
clusters were partially dissolved in the matrix in the HAZ owing to the high cooling rate.
Thus an increase in joint efficiency was achieved as a result of the increase of HAZ

hardness and shift in fracture location from HAZ to NZ.
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Thirdly, as reported by other researchers [57, 62, 65], the increase of the traverse
speed slightly decreases the tensile strength of the joint (inversely proportional) for
AMCs AA 2124/SiC/25p, Al-4.5%Cu/TiC/10, and Al-12%Si/TiC/10, respectively. The
best welding speeds are 40 mm/min for AA 2124 and 20 mm/min for the other two
AMCs. However, they mentioned that the influence of traverse speed on UTS is less
obvious than the tool rotation speed and tool design.

Applied axial force is another important parameter in FSW. The heat generated by
friction between the BM and the tool depends on the friction coefficient, which is also
related to the applied force. Higher heat input is generated by a larger amount of applied
force which causes sufficient flow. The defect-free joint can be achieved if a sufficient
axial force which is higher than the flow stress of the BM is applied. Thus higher tensile
strength can be obtained when an adequate force is selected. Despite the importance of
the applied force on the amount of heat generation and the retention of the plasticised
metal, few researchers have taken into account the effect of this parameter as one of the
key welding variables on tensile strength.

Dinaharan and Murugan [59] reported that the maximum tensile strength of joint was
obtained at 6 kN axial force when joining in-situ composite AA 6061/ZrB.. Further
increment in hydrostatic pressure leads to a reduction in the tensile strength. The
appearance of micro-voids in the joint at lower force and excessive flash at larger force
causes a reduction in the cross section of the joint and hence leads to a reduction in tensile
strength of joint. Similarly, Murugan and Kumar [50] indicated that for the FSW joints
of AA 6061/AINp tunnel defects appeared in the cross-section of joint due to the lack of
heat generation when using lower axial forces. Therefore, a reduction in tensile strength

happened when the applied force was lower than 5 kN. On the other hand, if the applied
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force was more than 5 kN, it led to thinning of the NZ and formation of the wormhole
and therefore reduced the joint efficiency. A similar finding was reported by Kalaiselvan
and Murugan [60] in FSW joints of AA 6061/B4C with a different optimum axial force
at 10 kN in their study.

In conclusion, welding parameters including tool rotation speed, traverse speed, and
axial force affect significantly the UTS of AMC joints. Rotation speed has the greatest
effect on joint efficiency, whilst traverse speed and axial force affect the tensile strength
of AMC joints to a varying degree [62]. There is no general trend that can be related to
welding parameters for all types of AMCs. Therefore, each material needs its own study
to achieve its maximum tensile strength for the FSW joint.
2.7.2.3 Effect of other factors

There are other factors such as the formation of the intermetallic compound, PWHT,
and strain rate which also affect the tensile strength of the FSW AMC joints. The
formation of intermetallic compounds at the ceramic matrix interface lowers the inner
bonding between the reinforcement and matrix. Feng et al. [41] studied the feasibility of
joining AA 2009/SiC/15p by FSW under the annealed condition and followed by PWHT
to T4 condition for further strengthening. The tensile strength of the joint was increased
by 82% and 95% from the BM in the longitudinal and transverse directions, respectively.
100% joint efficiency in T4 condition cannot be achieved due to the formation of
secondary phase (CuzxFeAl?) in the NZ as a result of interaction between the tool worn
material and the BM. In contrast, Wang et al. [66] succeeded in preventing the formation
of CuzFeAl; phase by using ultra-hard tool material in FSW AA 2009/SiC/15p. The
strength of FSW joint was increased from 321 MPa to 521 MPa after PWHT to T4

condition, which is almost the same as the strength of BM at 543 MPa. Recently, Ni et
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al. [67] studied the effect of strain rate on strain hardening and tensile properties of FSW
AA 2009/SiC/17p joints. Because of little difference in hardening capacity of both the
BM and the joint, slight reduction in tensile strength occurred when the strain rate
increased and the fracture of most specimens happened in the HAZ of the RS.
2.7.3 Fatigue strength of AMC joints

Although many applications of AMC joints by FSW are designed to subject to
dynamic loading conditions, there were few studies related to the fatigue properties of
AMC joints. Ceshini et al. [44] studied the effect of strain amplitude on low cycle fatigue
strength of AA 6061/A1,03/20p FSW joints. The fatigue life of FSW joints is lower than
the BM under all conditions. This is attributed to the factors such as the modification of
welded surface, joint microstructure, and a higher amount of plastic strain induced by
FSW. The roughness of surface affects significantly the fatigue life when the strain
amplitude decreases. Also, the isotropic hardening value is higher under low strain
amplitudes. At high strain amplitudes, the hysteresis loop area does not change.
Moreover, more plastic strain happened in FSW joints than in the BM in low cycle fatigue

due to progressive hardening as shown in Figure 2-20.
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Figure 2-20 Hysteresis loops at different strain amplitudes for AA 6061/Al,03/20p; (a) FSW
joints, and (b) Base metal [44]
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It is well known that the behaviour of fatigue is more sensitive to the homogeneity
of microstructure than the behaviour of tensile. In an investigation on high cycle fatigue
of FSW joint AA 7005/Al>03/10p and AA 6061/Al>03/20p [68, 69], it was reported that
the FSW joint of the former material exhibited higher fracture toughness and lower
fatigue crack growth, while the behaviour of the latter was opposite. Depending on the
microstructure it was argued that the volume fraction of reinforcement in AA
6061/Al,03/20p was double of that in the AA 7005/Al>03/10p. More refined particles
formed in the AA 6061 matrix after FSW led to increasing the number of stress raisers,
embrittlement, and a reduction in the fracture toughness. Therefore, the fracture
toughness of AA 7005/Al203/10p joint is higher than the BM by 10-20%, whilst in the
case of AA 6061/Al>0s3/20p, it is lower than the BM by 25%. However, the crack
propagation rate of un-welded AA 7005 composite series is higher than AA 6061
composite series. Furthermore, Minak et al. [54] reported that the fracture location in the
fatigue test shifted from the NZ to the BM as shown in Figure 2-21 in AA

6061/Al,03/22p FSW joint, as a result of complete penetration.

10 me

| —

Figure 2-21 Fatigue failures in the FSW AA 6061/Al.0s/22p; (a) stirred FSW zone, and (b) Out
of the FSW zone [54]
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Furthermore, residual stresses are also induced into FSW joint due to severe plastic
deformation of the workpiece through the joining process. Ni et al. [70] studied the effect
of residual stress on the behaviour of high cycle fatigue of AA 2009/SiC/17p FSW joint.
X-ray diffraction test showed that the maximum tensile residual stress of 54 MPa was
induced in the centreline of the weld joint, whilst residual stresses were in compression
being about 70 MPa and 60 MPa in the AS and the RS, respectively. At lower stress
amplitudes below 150 MPa, the FSW fatigue samples fractured in the weld zone and gave
nearly the same fatigue limit as of the BM due to the interaction between the residual
stresses and the applied load. But at higher stress amplitude, the fatigue life of FSW joints
was lower than that of the BM. Meanwhile, the fracture tended to occur randomly in
either the AS or RS of the HAZ.

Finally, for critical engineering applications of AMCs, it is much more important to
evaluate the fatigue properties of FSW joints in more depth. For FSW AMC joints, the
fatigue strength and fatigue crack growth are affected by several factors such as surface
roughness, microstructure homogenization, reinforcement volume fraction, and residual
stresses in the weld zone. Also, the appearance of the reinforcement on aluminium
matrices can play a role in stress concentration. Therefore, there is a need for more effort

to understand the low cycle fatigue behaviour of AMC joints by FSW.
2.8 Tool wear in FSW of AMCs

The wear of FSW tool is a critical issue particularly for AMC materials, which occurs
as a result of friction, rotation, and movement of the FSW tool along the base material.
According to Rai et al. [26], plastic deformation, abrasion, diffusion, and reaction
between the environment and the tool material are the major wear mechanisms that

happen in FSW tools. Mishra and Ma [15] reported that FSW of soft metals such as
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aluminium and magnesium did not exhibit significant wear of the tool. However, tool life
issue becomes more significant when hard metals of high melting temperature or MMCs
are welded by FSW. This phenomenon is characterised by the deformation and reduction
in the pin diameter.

The appearance of hard reinforcement particles in AMCs makes abrasion a
dominating factor for tool wear in FSW. Prado et al. [71, 72] studied the effect of welding
parameters including rotation speed between 500 - 2,000 rpm and traverse speed between
1 - 9 mm/s on threaded %-20 / 01 AISI oil-hardened steel tool wear. Similar joints for
AA 6061/AI203/20p and monolithic aluminium AA 6061-T6 were used in their studies.
They pointed out that no wear was observed in the tool when welding a monolithic
aluminium alloy, while severe wear started in joining AA 6061/Al>03/20p when reaching
its maximum value at 1,000 rpm then gradually becoming constant after a period of time
(self-optimised tool shape). And thus the turbulent flow (vortex flow) of the worn tool is
less than the unworn tool due to the eroded threads.

Figure 2-22 shows the wear features, the rate of tool wear at various weld lengths and
the relationship between weld speed and tool wear rate. However, from microstructure
evaluation, it was found that a sound joint could be produced continuously by using self-

optimised shape tools.
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Figure 2-22 (a) through (d) Wear features of FSW tool pin at different weld distance (in meters)
and constant tool rotation speed of 1000 rpm at different traverse speeds: a. 1, b. 3, ¢c. 6, and d. 9
mm/s, (e) Wear rate versus weld length at different traverse speed, and (f) Wear rate versus
weld speed [72]

The self-optimisation phenomenon of tool shape was confirmed by Shindo et al. [73]
and Fernandez and Murr [74] in their experimental investigations by using cast AMC
plate, AA 359/SiC/20p. An AISI 01 oil-hardened steel threaded ¥-20 tool was used.
Shindo et al. [73] pointed out that there was an inverse relationship between traverse
speed and wear rate at constant rotation speed. Fernandez et al. [74] reported that there
was a linear relationship between the wear rate and the tool rotation speed. However, as
a result of filling threads by base materials, the initial wear of the tool can be delayed by
the reduction of rotation speed and the increase in traverse speed and after a period of
time, the wear rate becomes constant as shown in Figure 2-23. They concluded that the

self-optimised tool shape was evolved as a result of the complex solid-state flow of the
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BM during FSW. Moreover, they indicated that homogeneous structure could be

achieved with a worn pin.
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Further improvement of tool life cannot always be achieved by changing the type of
steels. For example, Cioffi et al. [49] used MP159 and H13 as tool material for threaded
pin and shoulder, respectively. At a rotation speed of 800 rpm, severe wear of the pin
happened in welding 15 mm thick AA 2124/SiC/25p plates. Chen et al. [47] indicated
that the reduction of tool wear could be achieved if tool design was changed. An AlSI
4340 unthreaded conical tool was used for joining AA 6063/B4C with limited wear rate.
It is clear that significant wear can occur as steels are used in specific design as a FSW
tool. Moreover, the formation of the intermetallic compound is produced as results of the
interaction between the worn tool material and the BM. Feng et al. [41] showed that the
interaction between Fe from the worn tool and AA 2009/SiC/15p resulted in the
formation of CuzFeAls. The appearance of this compound in the weld zone proves to be
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detrimental to the joint efficiency, i.e. a reduction of the strength of joint and change of
failure modes from ductile to brittle.

Harder materials can be used as tool material rather than steels to reduce wear rate.
Ni et al. [38] used cermit tool to weld AA 2009/SiC/17p. The tool was not visibly worn
at 50 mm/min traverse speed and 1,000 rpm rotation speed. In the same manner, Wang
et al. [66] reported that the formation of intermetallic compound (CuzFeAl;) during
welding AA 2009/SiC/15p was eliminated as a result of improved wear resistance of tool
by using an ultra-hard material without giving detailed specifications of the tool material.
Recently Prater et al. [75] compared wear resistance among different types of tool
materials including 01 steel, Wc-Co micron, Wc-Co submicron, and Wc-Co coated by
diamond to join AA 359/SiC/20p-T6 and AA 359/SiC/30p-T6. They observed that harder
material could be used to reduce the wear of tool by 60-80%. However, the toughness of
the tool is another problem that may cause tool pin fracture in FSW.

Alternatively, the surface coating may be used to reduce the occurrence of abrasive
wear in the FSW tool. An experimental work was reported by Contorno et al. [76] to
modify the wear resistance of the tool surface by generating a tribological layer to join
AA 359/SiC/20p. They used AISI 1040 cone tool without thread, which has a 1,200 Hv
substrate coated by a different nano-composite layer of AISITiN and AISiCrN of 5100
and 5200 Hv, respectively. Although they used high hardness coated material, they found
that there was no definitive advantage from the coating. On the other hand, Bozkurt et al.
[45] reported that the tool wear was eliminated by using high-speed steel (HSS) coated
by TiAIN. Based on these studies, it seems to be the case that the adhesion force between

the substrate and the coated material has a significant effect on tool wear rate.
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In conclusion, severe wear of FSW tool occurs especially in the pin when steels are
used as tool materials for joining AMCs. Tool wear resistance can be improved by
changing the design and the material of the pin. Also suitable coating material compatible
with the substrate tool material can improve wear resistance. However, there is no work
reported on the improvement of wear resistance by using a surface heat treatment
technique. Therefore more effort in this field is needed for increased tool life and reduced
the formation of an intermetallic compound which has a detrimental effect on joint
efficiency.

2.9 FSW of aluminium alloy AA 6082

Aluminum-Magnesium-Silicon (Al-Mg-Si) (6xxx series) alloys specifically AA
6082 in T6 condition, has attracted considerable attention due to their high specific
strength and stiffness-to-weight ratio, and excellent corrosion resistance, due to the high
density of B''(mgssig) strengthening precipitates and the additions of Mg and Si that
control the grain structure [77, 78]. So far, much effort has been carried on the welding
of this alloy by metal inert gas (MIG) [79], tungsten inert gas (TIG) [80], and plasma arc
welding (PAW) [81]. Even with good weldability of this alloy by fusion welding
processes, the high heat input energy leads to very significant changes in the
microstructural state within the welding zone in term of grain size, texture, segregation
of silicon and magnesium, porosity, and dissolution or coarsening of strengthening
precipitates [81-85]. Among these concerns, the mechanical properties of the welded
joints deteriorate significantly and limit its full potential for industrial applications [21,
86-89].

Unlike fusion welding, FSW is considered as a viable method to weld aluminium
alloy while maintaining mechanical properties of the joint and overcoming the
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aforementioned problems. Despite remaining in the solid state, the development of
microstructure, texture and strengthening precipitate across FSW joint proves to be
extremely complicated, because of the combination of thermal exposure and intense
levels of plastic strain, followed by different cooling rates experienced during the welding
process, which results in complex physical metallurgical phenomena [8, 90-92]. FSW
parameters control these thermo-mechanical conditions and subsequently affect the
strength, fatigue and corrosion behaviour of FSW joints. Cavaliere et al. [93] studied the
microstructural and mechanical properties of AA 6082 FSW joint. The variation in the
nugget zone (NZ) microstructure depends strongly on the variation of the process
parameters which lead to a wide range of possible performances. El-Danaf and El-Rayes
[94] reported that post weld heat treatments could eliminate the negative effect of FSW

on the strength and hardness in the NZ of AA 6082-T651 FSW joints by re-precipitation

ofé phase. Ericsson and Sandstrom [95] carried out a comparative study on MIG-pulse,
TIG and FSW of AA 6082. It was found that in fusion welds the fracture propagated in
the weld metal near the toe of the weld as a result of the formation of a dendritic cast
microstructure in the weld zone with solute gradients near the dendrite boundaries leading
to a reduction in fatigue strength. In contrast, the formation of very fine grains in the NZ
of FSW joints helps improve the fatigue strength. While much effort has been focused on
the effect of FSW parameters on the microstructure and corresponding tensile and
hardness properties of AA 6082 joints , the fatigue which is considered the principal
cause of failure for welded joints have been examined only in a few studies, mainly on

the high cycle fatigue (HCF) regime [95-97], and fatigue crack propagation [97].
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2.10 Conclusions and future challenges

This chapter aims to outline the current state-of-the-art of joining AMCs and
aluminium alloy by FSW with a number of specific issues discussed including FSW
process, the application of MMCs, weldability of aluminium and AMCs materials, macro
and microstructure, mechanical properties of FSW joint, tool wear, and FSW of AA 6082.
FSW, as a solid state welding process, is considered to be potentially a viable route for
joining AMC materials and aluminium alloys. Its potential benefits in cost reduction,
joint efficiency improvement, and high production accuracy make it even more attractive
for the non-weldable series AA 2xxx, AA 6xxx and AA 7xxx. However, the maturity of
using this joining process to weld AMCs is still at its infant stage in research and has not
yet been fully implemented in industry.

The mechanical properties of AMCs joined by FSW are largely dependent on the
combined effect of both the composition of AMCs and the FSW processing conditions.
Therefore, the mechanical performance of FSW joints should be evaluated accordingly.
Early researches showed that FSW is a potential welding process to achieve defect-free
joints of AMCs. There is a clear need for more efforts to understand the effect of FSW
on these materials in adequate depth to meet design and production requirements. For
instance, there is a need for systematic studies which take into account the effects of
reinforcement percentage and types of reinforcement on joint efficiency. More work is
needed to understand the performance of FSW joint of AA 2124 and AA 6092 as base
matrices for AMCs with different reinforcement percentages. Also, there is a need for
joining AMCs to other materials rather than monolithic aluminium alloys such as

magnesium alloy, a new candidate material for the aerospace application.
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Furthermore, welding parameters such as tool rotation speed, traverse speed, and
axial force have a significant effect on the amount of heat generation and strength of FSW
joints. The macrostructural evaluation showed that the formation of tunnel defects due to
the inappropriate flow of plasticised metal. Microstructural evaluation of FSW joints
clearly showed the formation of new fine grain and refinement of reinforcement particles
in the weld zone with different amount of heat input by controlling the welding
parameters. However, there is no general trend between welding parameters and
mechanical properties for different types of AMCs. Further work needs to be carried out
to define the welding window of each composite metal for optimised mechanical
properties.

Also, there is very limited data on fatigue strength and fracture toughness of friction
stir welded of aluminium alloy and AMCs. More effort is needed to study these properties
in more depth to establish the full potential of FSW joints of these materials. This is also
confirmed more recently by Ma et al. [98]. They identified in their critical reviews that
insufficient investigations had been carried out focusing on the LCF behaviour FSW
joints, although many of the envisaged applications for the AMCs will undergo cyclic
loading with high amplitude of strain and stress during service life resulting in fatigue
damage and severely limit the useful life and the performance of the components [99].
Furthermore, the LCF in the composite metals may occur because of repeated localised
yielding near stress raisers (strengthening particles) that lead to stress concentration,
despite the bulk of the component under elastic deformation. Thus it remains an open
question on how to improve the strength and fatigue behaviour of AMCs joints.

Finally, the wear of FSW tools especially in the pin is up to this time the main issue

when joining AMCs and a significant hindrance for the application of FSW process in
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the industry. Using new tool design which has frustum shapes (self-optimised shape),
surface coating of the pin by" appropriate material compatible with the substrate, and
surface heat treatment technique could be viable solutions to improve both the tool life

and joint efficiency.
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3.1 Introduction

This chapter provides the details of the material and facilities used in this work. The
experimental work carried out on friction stir welding for different aluminium -
magnesium-silicon (Al-Mg-Si) series AA 6xxXx. The as-received materials and its
properties are presented as well as the welding fixture, tool design, setup of the FSW
machines, and welding temperature history measurements. Metallurgical inspections and
mechanical characterisation used to evaluate the performance of FSW joints are also
presented. Furthermore, the measurement techniques used to determine the welding-induced
residual stresses by neutron diffraction techniques is described.

3.2 Materials

Three materials studied in the present work, which are based on an Al-Mg-Si series
AA 6xxx. The first studied material is an aluminium alloy (AA 6082), the second studied
metal is an aluminium matrix composite (AMC) (AA 6092/SiC/17.5p), and the third
candidate material investigated in this work is a sandwich aluminium matrix composite
(SAMC) (AA 6061B/SiC/20p). Their chemical composition and mechanical properties

are illustrated in Table 3-1 and Table 3-2, respectively.
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Table 3-1 Chemical composition of the alloys used in this study (weight %)

Alloy SiC % Mg Si Mn Fe Cu Cr Al

AA 6082 - 0.654 0.874 0.456 0.359 0.023 0.0247 Bal.

AMC 6092 17.5 0.79 0.4-08 0.35 <0.3 0.7-1 0.0261 Bal.

SAMC 6061 20 0.5 0.5 0026 0.14 0.177  0.166 Bal.

Table 3-2 Mechanical properties of the alloys used in this study

Tensile strength Yield strength  Elongation  Hardness
Alloy Temper

(MPa) (MPa) % Hv

AA 6082 T6 318 266 17 120
AMC 6092 T6 419 370 2.8 150
SAMC6061  T1 288 130 8.5 120

The first studied material is heat treatable aluminium alloy AA 6082-T6 of 4 mm
thick rolled sheet in a T6 metallurgical condition, which was solution heat treated,
quenched to room temperature and artificially aged. This alloy is considered a medium
strength alloy, and it has the highest strength in the AA 6xxx series alloys. It has attracted
considerable attention for lightweight structures due to their high specific strength and
stiffness-to-weight ratios, and excellent corrosion resistance [77]. The approach to
strengthen this series is through the addition of magnesium and silicon as primary

alloying elements, which promote the precipitation of a single metastable precursors
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phase to the equilibrium B (Mg2Si) phase with a high density of B’'strengthening
precipitates [94, 100, 101].

The second studied material is an AMC (AA 6092/SiC/17.5p-T6), was manufactured
by using the powder metallurgy technique and subsequently rolled into sheets. This metal
is ideal for aero-structures applications, because of a combination of enhanced strength
and stiffness, in the form of extruded profiles and control surfaces. A high strength
aluminium alloy AA 6092 (Al-Mg-Si) was used as a matrix reinforced with 17.5 % vol.
of silicon carbide particles having an average size of around 6 um. The composite metal
supplied as 3.1 mm thick rolled sheet in a T6 metallurgical condition, which was solution
heat treated, quenched to room temperature and artificially aged [102].

The third studied material is SAMC (AA 6061B/SiC/20p-T1), manufactured via a
powder metallurgy route using a mechanical alloying process to ensure a homogeneous
reinforcement distribution, providing a refined grain structure enhancing mechanical
properties. A high-quality aerospace grade aluminium alloy (AA 6061B) was used as a
matrix reinforced with 20% vol. ultrafine silicon carbide particles having an average size
of around 700 nm. The composite metal supplied as a rolled sheet with an aluminium
skin on top and bottom surface up to 0.5 mm. The sandwich material has a thickness of
4 mm in a T1 metallurgical condition, which was cooled from an elevated temperature

shaping process and naturally aged to a substantially stable condition [103].
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3.3 Friction stir welding

3.3.1 Friction stir welding fixture

Welding fixture is exposed to extreme work conditions such as high forging force,
thrust force, and high temperature. Therefore, careful design for the fixture is needed to
withstand the deformation and deflection processes. The main features that put into
account when designing FSW fixture include the flexibility of fixture to be compatible
for different plate thicknesses and width and appropriate holding to avoid gap and
divergence between two plates. The fixture was designed as shown in Figure 3-1 and

manufactured from mild steel.

Vertical Supports

Horizontal Supports

Backing plate

Figure 3-1 Friction stir welding fixture

3.3.2  Friction stir welding tool design and machine setup

Even though FSW consistently gives high-quality welds, proper use of the process
and control of some parameters are needed to achieve this. The use of a proper FSW tool
design is a crucial factor to ensure high-quality welding joints, as the rate of heat

generation and the flow of plasticised metal are experienced by tool geometry [28].
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According to the literature, three main criteria should be followed when designing FSW
tools including tool material, shoulder shape and dimension, and pin profile and
dimension. The FSW tool was manufactured from chromium hot-work tool steel (AlSI
H13) with 6° flat edge featureless concave shoulder of 16 mm in diameter and right-
threaded cylindrical pin 6 mm in diameter (M6) with a dome end, as shown in Figure 3-2.
The length of the pin was chosen based on the thickness of the base metal, a 3.3 mm for
AA 6082-T6 and SAMC sheets, while for AMC a 2.8 mm pin length was used. Wear of
FSW tool is a critical issue particularly for joining aluminium reinforced by ceramic
particles, which occurs as a result of friction, rotation, and movement of FSW tool along
the base material [8]. Therefore, to minimise the wear of the tool, a plasma nitriding heat
treatment was done with the tool surface to achieve a hardness of 950 Hv. To set up the
machine, in term of the tilt angle, rotation direction, and plunge depth, some initial
welding test has been done. The surface morphology of the FSW joints in term of flash
formation, and surface appearance has been investigated visually and used to assess the
setup conditions. It is noticed that the increase of tool tilt angle from 0° to 2° and inverse
tool rotation direction from clockwise to counter-clockwise (push softened metal down)
reduces dramatically the appearance of flash for the same welding conditions as shown
Figure 3-3. Therefore, for all welding samples, the tool rotation axis was tilted by 2° from
the sheet normal (the front of the tool was higher than the rear) and rotated
counterclockwise. The tool plunge depth, which means the depth of the rear of tool
shoulder into the top surface of the workpiece was controlled to be 0.2 mm for AA 6082

and SAMC and 0.05 mm for AMC
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Figure 3-2 Geometry of FSW tool (dimensions in mm)

Figure 3-3 Effect of tilt angle and rotation direction on flash formations at a tool rotation speed
of 1500 rpm and tool traverse speed of 75mm/min; (A) 0° tilt angle with clockwise rotation, and
(B) 2° tilt angle with anticlockwise rotation

3.3.3 Design of friction stir welding experiments

FSW was performed parallel to the rolling direction for all studied materials in a
single-pass butt weld configuration. The principal directions of FSW geometry are
denoted as welding direction (WD), normal direction (ND) and transverse direction (TD).
As the amount of heat generation and dissipation during FSW depends mainly on the
FSW parameters including tool rotation speed () (rpm), and traverse speed (V)
(mm/min), a series of FSW runs were conducted to identify the FSW window. The range

of welding parameters was optimised after several trials to achieve high weld quality in
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term of surface finish and penetration. Thus, different welding parameters of tool rotation

and traverse speeds were used for different materials.

For aluminium alloy AA 6082-T6, a total of twenty joints denoted as W1-W20 were

investigated by using four levels of tool rotation speed ranging from 800 to 1800 rpm and

five levels of traverse speeds ranging from 20 to 200 mm/min as shown in Table 3-3 to

examine the metallurgical and mechanical properties of welded joints at a diversity of

welding temperatures. The welding process was conducted for sheets having dimensions

of 150 mm x 60 mm x 4 mm by using a conventional milling machine as shown in

Figure 3-4.
Table 3-3 Summary of welding matrix of AA 6082-T6
Tool rotation speed (rpm)
800 1100 1500 1800
20 W1 W6 W11 W16
Tool 40 W2 W7 W12 w17
tgar;’eegge 75 w3 ws W13 W18
(mm/min) 125 W4 W9 W14 w19
200 W5 W10 W15 W20
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Figure 3-4 Conventional milling machine

For AMC and SAMC, a total of nine joints for each material denoted as W1-W9
were carried out by using three levels of tool rotation speed ranging from 1500 to 2100
rpm, and three levels of traverse speeds ranging from 25 to 100 mm/min as shown in
Table 3-4. The welding window of AMC and SAMC was chosen based on the obtained
metallurgical results of the aluminium alloy AA 6082. The welding process was carried

out for sheets having dimensions of 110 mm x 50 mm x 3.1 mm (AMC), and 100 mm X
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50 mm x 4 mm (SAMC) at TWI-UK by using a bespoke FSW machine as shown in

Figure 3-5.

Table 3-4 Summary of welding matrix of AMC and SAMC

Tool rotation speed (rpm)
1500 1800 2100

Tool 25 W1 W4 W7
traverse 50 W2 W5 W8
speed
(mm/min) 100 W3 W6 W9

Figure 3-5 Bespoke friction stir welding machine
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3.3.4 Measuring welding temperature and thermal history

For aluminium alloy AA 6082, the maximum welding temperature in the NZ was
measured by a K-type thermocouple (90 % nickel and 10 % chromium) having measuring
range of -40 to 1300° C, and infrared camera system (FLIR). Thermocouple (TC) having
a diameter of 1.6 mm embedded in the middle of the joint line as shown in Figure 3-6 (a)
and Figure 3-7 to measure the peak temperature during the welding process. Meanwhile,
the maximum welding temperature in AMC and SAMC was measured by the infrared
camera system as shown in Figure 3-8. The infrared data was processed by FLIR Tools
software.

To measure the thermal distribution across all FSW joints during welding process
eight TCs having a diameter of 1.6 mm were embedded in 1.5 mm depth holes at a
different distance from the centre of weld on the retreating (RS) (TC1-TC4) and
advancing (AS) (TC5-TC8). The positions of the TCs were in the mid-length of the weld
line, 10 mm away from the weld centre and 3 mm between each of them as shown in
Figure 3-6 (a) and Figure 3-7. The TCs temperature was recorded digitally using TM-
747D thermometer connected to the computer that contained a data acquisition system.

To assess the accuracy and calibrate the setting of the infrared camera a compression
has been made between the temperature results obtained from thermocouples (TC1, TC2,
and TC3) and infrared camera reading (Ir1, Ir2, and Ir3) as shown in Figure 3-9. It is clear
that a good agreement between the reading recorded by infrared camera and
thermocouples is obtained. Also, the sensitivity of the camera to change in temperature

is faster than thermocouples.
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Figure 3-6 (a) Illustration of friction stir welds and the positions of the thermocouples attached
on the samples and the extraction of cross-weld testing sample locations are highlighted, and (b)
The extraction of longitudinal tensile sample locations is highlighted (all dimensions in mm)
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Figure 3-7 Photograph of the experimental setup and thermocouples locations
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Figure 3-8 Infrared camera
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Figure 3-9 Temperature gradients through FSW joint measured by thermocouples and infrared
camera
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3.4 Metallurgical inspection

3.4.1 Optical microscope and Scanning Electron Microscopy (SEM)

Metallographic investigations were carried out for cross-weld joints to quantify the
joint soundness and formation of macro defects. Samples were cut perpendicular to the
welding direction (cross-welds) (Figure 3-6 (a)) using a slow speed diamond cutter to
minimise deformation. The samples then hot mounted in conductive resin and prepared
according to the standard metallographic techniques for specimen preparation consisting
of grinding with 220, 400, 800, 1200, 2000 and 4000 grit emery papers followed by cloth
polishing with 6 and 1 um diamond. The macrostructural samples etched by Poulton’s
reagent and investigated by a Nikon optical microscope.

Scanning electron microscope (SEM) examinations were carried out by FEI Quanta
600 SEM with a tungsten filament was employed to analyse the cross-section of welds.
A high-energy electron beam imaged the samples at an accelerating voltage of 20 with a
spot size of 6 and a working distance of 10 mm. A range of signals produced from the
interaction between the electrons and the sample's atoms. Microstructures were imaged
through backscattered electron (BSE) imaging. Also, Energy Dispersive X-Ray
Spectroscopy (EDS) mapping and the spectrum was used to determine the element
distribution in the FSW joints.

3.4.2 Electron Backscattered Diffraction (EBSD)

The use of electron backscattered diffraction (EBSD) in the scanning electron
microscope (SEM) has progressed over the past decade because of it is accuracy in
quantitative analysis of grain and subgrain structures, as well as texture determination,
with the development of field emission gun (FEG) SEM [104]. The sample preparation
was carried out similarly to that for metallographic specimens, but a high surface finish
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was obtained by using BUEHLER vibratory polisher with 0.06 um colloidal silica to
obtain a high surface finish as an extra step. The Microstructure and texture observations
were carried out by high-resolution electron-backscatter diffraction (HREBSD). The
EBSD analysis conducted by using a JEOL 7100F field-emission gun scanning electron
microscopes (FEG-SEM) equipped with an HKL channel 5 Oxford EBSD system. The
microscope was operated at 15 kV with stage tilted at an inclination of 70°, and a step
size of 0.25 pum was used to scan the specimens. A lower limit boundary misorientation
angle cut off 3° was used to avoid spurious boundaries, which is caused by misorientation
noise. For grain-size measurements, a 15° misorientation criterion was used to
differentiate between low-angle grain boundaries (LAGBs) and high-angle grain
boundaries (HAGBS).

3.4.3 Transmission Electron Microscope (TEM)

Transmission electron microscope (TEM) was used in the current study to investigate
the precipitate and intermetallic compound formed in the FSW joint of AA 6082-T6.
Nano-scale transparent foils were extracted from the base metal, heat affected zone, and
nugget zone by using a focused ion beam (FEI Quanta 200 3D FIB-SEM). The FIB
system is provided with a liquid metal ion source (LMIS), (Gallium Ga* ions), that can
be operated at high beam currents to deposit material onto a defined area typically of the
order of microns, or to mill (cutaway) a specific site on the surface. In the current work,
platinum (Pt) was deposited on the surface of the sample to protect the surface of the
sample during milling processes, which was monitored continuously using SEM, then
followed by milling steps to extract the sample and thinning as shown in Figure 3-10.
The SEM was operated at accelerating voltages of 20kV; a probe current of up to 200 nA

was used for imaging. The FIB system was operated at accelerating voltages of 30 kV
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and a current of 1pA-20 nA for fast material removal. Bright-field imaging and selected
area electron diffraction (SAED) TEM experiments were carried out by JEOL 2000
operating at an accelerating voltage of 200 kV using the 2-beam condition. The analysis

of the fine precipitates composition was carried out by EDS.
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Figure 3-10 SEM micrographs showing the stage of TEM samples preparation by FIB machine;
(a) Platinum coating, (b through f) Sample extraction steeps, (g and h) Sample thinning
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3.5 Mechanical testing

3.5.1 Hardness testing

Microhardness testing was performed on the cross-weld FSW joints to establish the
effect of thermal distribution on the hardness of joints. Before hardness measurement,
samples were mounted and polished using standard metallographic techniques, with
particular attention being paid to keeping the top and bottom surfaces parallel. A Vickers
micro-indentation automated Buehler machine was used with the pyramid-shaped
indentation and applied a load of 100 gf over a 30s dwell time. As a general rule, the
spacing between the indentations has to be 2-5 times larger than the diagonal of the
indentation. Therefore, 1 mm distance between successive indentations were used and
the average Vickers microhardness mapping through the NZ of weld cross-sections was
obtained from three readings at cross-weld; in the mid-thickness of the weld and above
and under by 0.5 mm.
3.5.2 Tensile testing
For tensile testing, cross-weld flat dog-bone specimens were extracted from the FSW
joints as shown in Figure 3-6 (a) using an electrical discharge machine (EDM). In
addition to this, one longitudinal tensile sample was extracted from the weld line as
shown in Figure 3-6 (b) to compare the influence of the tensile strength along the
longitudinal and transverse direction of the weld. The samples prepared according to
ASTM E8M-13a as shown in Figure 3-11 [105]. As the mechanical properties are
severely affected by the introduction of stress raiser (stress concentration) such as surface
roughness, thus, the surfaces of samples were ground by silicon carbide paper to 4000
grit and polished parallel with the direction of the principal tensile (par bars specimen) to
produce a smooth surface. The tensile tests were carried out on an INSTRON 5581-50KN
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servo-hydraulic test machine at a constant strain rate of 1 x 10~* s~1, with extensometer
having a gage length of 25 mm as shown in Figure 3-12. Also, for some samples, Dantec
Q-400 DIC (Digital Image Correlation (DIC)) system as shown in Figure 3-13 was used
to measure the displacement on the surface of the sample and then map the variation of
strain through the cross-weld (BM, HAZ, TMAZ, and NZ). A speckle pattern marker was
applied to the surface of the tensile sample with white paint, then a random black speckle
as shown in Figure 3-14 to enable data to capture by coupled charge device (CCD)
camera. One image per four seconds was captured during deformation processes, then

processed by using the ISTRA-4D software to provide two-dimensional strain map.
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Figure 3-12 Tensile with an extensometer
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Figure 3-13 Tensile with DIC system

Figure 3-14 DIC tensile sample
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3.5.3 Low cycle fatigue (LCF) testing

For fatigue testing, cross-weld flat dog-bone LCF specimens were extracted from the
FSW joints as shown in Figure 3-6 (a), using an electrical discharge machine (EDM).
The specimens were prepared according to BS 1ISO 12106:2017 as shown in Figure 3-15
[106]. The samples then ground and polished parallel to the principal load direction to
exclude the effect of stress concentration, and non-homogeneous distribution of
thicknesses caused by the FSW. The fatigue tests were performed on INSTRON 8801-
50KN servo-hydraulic test machine in a fully reversed total strain-controlled condition
(R= -1) (symmetric tension-compression strain cycle), with triangular waveforms
conducted at a constant total strain rate of 5x10 ~*s~! at ambient temperature. An
INSTRON axial clip extensometer made of alumina with a gage length of 12.5 mm was
attached to the gauge section of the test specimen to control the amount of applied strain
as shown in Figure 3-16. The extensometer converts the mechanical displacement of the
test specimen into an electrical signal with the conditioned signal permitting the
monitoring and/or controlling of the specimen applied strain. Different range of strain
amplitudes were used for different material and cross-weld joints ranging from 0.2 % to
0.7%. The fatigue failure criteria were defined when the maximum tensile stress had
dropped by 30% below that at initial life. As the test was done for flat specimen under
completely cyclic test, thus the samples are significantly influenced by the bending
stresses. The first issue appeared to be the dominant factor is a failure by buckling as
shown in Figure 3-17. Therefore an anti-buckling restraints with a lubricant to reduce

friction action was used for LCF test.
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Figure 3-15 LCF sample (all dimensions in mm)
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Figure 3-16 Fatigue machine and anti-buckling

Figure 3-17 Low cycle fatigue buckling sample
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3.6 Residual stress measurement

3.6.1 Overview of instrument

Residual stress measurement has been done by neutron diffraction using the beamline
ENGIN-X, ISIS, Rutherford Appleton Laboratory, Oxford, United Kingdom
(Figure 3-18). ISIS owns the world’s brightest pulsed neutron source [107]. The concept
of measuring of residual stress in this instrument is based on the measurement of the
macroscopic elastic strain tensor as it is defined by the time-of-flight (TOF) neutron strain
scanner at definite locations in the bulk of the sample. A pulsed neutron beam with a wide
energy range travelling to the sample and being scattered into detectors at an angle of 20
as shown in Figure 3-19 (a) [108].

The instrument consists of four major components. A collimated incident pulsed
neutron beam (moderator), xyzwm positioner (to position the gauge volume within the
sample), secondary flight-path radial collimators (which define the gauge volume), and
neutron detectors. These components are illustrated in Figure 3-19 (a and b). In addition
to two telescopes (theodolites) and a laser/CCTV system to enable the sample to be
accurately aligned, and monitoring the motion of the sample. When measuring the strain
within an engineering component, it is essential to know where the measurement has been
taken. For this reason, the position of the gauge volume must be well characterised by
using the positioner. In pulsed instrument the volume of material contributing to the
diffraction pattern (gauge volume) is defined by the intersection between the incident and
diffracted beams, which typically defined by slits and collimators, respectively
(Figure 3-19 (a)). The two radial collimators each have 40 vertical foils vanes made from
gadolinium oxide coated Mylar, which constrains the detectors to receive neutrons from
a small volume. As can be seen in the figure, the instrument has two banks of detectors
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to count neutrons as a function of time, each centred on a Bragg angle (26) of £90°, when
the Bragg’s Law is satisfied for some lattice spacing dy;;, diffraction peaks occur and are

measured at times t,; elapsed after the initial pulse [107, 108].

Incident beam

Y

5

Figure 3-18 ENGIN-X
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Figure 3-19 (a) Plan view of the ENGIN instrument. The arrows marked ‘Q’ indicate the
directions in which strain is measured by the two detectors, and (b) Schematic view of the
ENGIN instrument [107]

3.6.2 Samples
The cross-welded residual stresses were measured in AA 6082, AMC, and SAMC
FSW joints by the ENGIN-X. For AA 6082 one welded joint has been examined, while

for AMC and SAMC two joints for each were tested, in total five samples. For all tested
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joints, the location of cross-weld measurement line was in the middle of the joint line as
shown in Figure 3-20. The measurements were taken in the mid-thickness of the joint.
To obtain the strain-free lattice spacing d,, thin samples were cut from the same joints
and locations after testing by EDM. As the thickness of sample and welding temperature
IS not too high, thus the cutting process is enough to release the induced residual stresses

and gives strain free lattice.

A @ L @ < 0—-—0-+-0-—H @ < @ B

Figure 3-20 Schematic drawing FSW sample measured by neutron diffraction the grey shaded
area and red dot show the positions of measurement

3.6.3 Measurement set-up

Due to the configuration of the ENGIN-X, with a single scan, the strain is measured
in normal (X-X), and longitudinal (Y-Y) or transverse (Z-Z) direction based on the
position of the sample (Figure 3-21 (a)). Therefore, to measure both longitudinal and

transverse strain, the scan was repeated twice for each sample with changing the weld
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line direction. When the weld is horizontal and the angle between the incident beam and
the plate surface plane was 45°, resulting in one of the two vectors was in the direction
of the longitudinal (Y-Y) strain and the other vector in the direction of the normal (X-X)
strain as indicated in the Figure 3-21 (b). On the other hand, when the weld line in the
vertical position this leads to measure the transverse (Z-Z) and normal (X-X) strain as
shown in Figure 3-21 (c). The transverse measurements were taken with a gradual
increase in a spatial resolution from the weld centre at points located at the middle layer

of the thickness as shown schematically in Figure 3-20.

Detector bank 1 Detector bank 2

(a ) Measured normal
strain

Measured longitudinal
or traverse strain

Incident beam

Measured traverse
strain

Incident beam

Measured normal

Strain Measured normal

strain
Incident beam

% Measured longitudinal
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W

(b) ()

Figure 3-21 (a) Sample position of ENGIN-X measurement, (b) Sample position to measure
longitudinal strain, and (c) Sample position to measure traverse strain
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3.6.4 Data analysis of neutron measurements

The ISIS pulsed neutron source is a time-of-flight facility. Thus a full diffraction
spectrum was obtained from each point and measured by ENGIN-X. The Diffraction
profiles were analysed using multiple peaks fitting Pawley refinement with the software
package ‘Open Genie’ which utilises GSAS. Neutron diffraction measurements use
lattice-spacing as a strain gauge, which is obtained from Bragg’s law. From the measured
lattice-spacing of the welded specimen and stress-free reference the strain was calculated

from:

Where d is the lattice parameter for each measurement point and d,, is the measured
stress-free lattice parameter. For the welding samples, because of the symmetry of
principle directions coincide with the normal, transverse, and longitudinal directions, so
that the strain was measured in these three principal strain directions. The measured strain
were combined with a Young’s modules E, and Poisson’s ratio v to calculate the

principle stresses in each direction using Hooke’s law, given by the following equations.

o E
Normal direction: o =T [e11 + 1—25 (€11 + €52 + £33)]
Longltudlnal diTeCtiOTl ¢ Oy = 1-|—_17 [622 + E (811 + Eoo + 833)]
. E
Tranverse direction: 03B =11, [e35 + 1-25 (€11 + €32 + £33)]

For all tested joints, in order to maximise data acquisition rates, the gauge volume
was adjusted depending on the orientation of the measurement. When measuring in the

transverse plane directions, 2 mm x 2 mm x10 mm ‘matchstick’ gauge was used aligned
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with the weld direction. While for the longitudinal measurements the matchstick was

shortened and the gage volume was 2 mm x 2 mm x2 mm.
3.7 Summary

The chapter gives an overview of the experimental methods used in this study. FSW
has welded three different material based on aluminium-magnesium-silicon series alloy
(AA 6xxx), namely aluminium alloy AA 6082-T6, AMC (AA 6092/SiC/17.5p), and
SAMC (AA 6061B/SiC/20p) under different welding conditions of tool rotation and
traverse speed. Welding fixture and tool design has been presented, as well as the setup
of the FSW machine and the technique of measuring the peak welding temperature and
thermal history during the welding process. Both metallurgical and mechanical
characterisation has been done to assess the effect of welding parameters on the final
weld quality. Optical microscope, SEM, EBSD, and TEM have been used to quantify the
evolved macrostructure and microstructure in the FSW joints. Also, microhardness,
tensile, and low cycle fatigue test have been done to evaluate the mechanical properties
of the welded joints. Furthermore, the residual stresses measurement technique by
neutron diffraction for the welded joints has been presented. These tests have made a
significant contribution to life assessment of the welded components and have provided

useful directions to the process development and improvement.
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Chapter 4  Thermal history and metallurgical
characterisations of AA 6082, AMC, and SAMC FSW

joints

4.1 Introduction

This chapter aims to determine the influence of FSW parameters (tool rotation and
traverse speeds) on the heat input and thermal cycle and subsequently on the metallurgical
characterisation of FSW joints, to provide insight for the microstructural development
under different welding conditions. The characterised welds divided into three groups
based on the type of alloy; the first is the aluminium alloy (AA 6082-T6) welds, which
was welded by using the welding parameters shown in Table 3-3. The second was the
AMC (AA 6092/SiC/17.5p-T6) welds, and thirdly SAMC (AA 6061B/SiC/20p-T1),
which were welded using same welding parameters as shown in Table 3-4. For all groups,
the metallurgical results cover the characterisation of joints in term of joint soundness,
grain size, grain structure, along with the grain substructure, and misorientation angle
distributions. Furthermore, as the all studied materials in this work are based on Al-Mg-
Si (AA 6xxx). Thus more detailed investigations are conducted for the first group as a
benchmark thorough metallurgical characterisation in term of grain texture, and

microstructural-strength (strengthening precipitate).
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4.2  Aluminium alloy AA 6082-T6

4.2.1 Welding temperature and thermal history

In order to evaluate the effect of tool rotation and traverse speeds on the thermal history
of the welded joints, detailed temperature measurement in the NZ and cross-weld in the
AS and RS was conducted by thermocouples. Figure 4-1 depicts the NZ peak temperature
under different FSW parameters. The higher the tool rotation speed, the higher the
generated temperature. For example, as the tool rotation speed increased from 800 to
1800 rpm at a constant tool traverse speed of 20 mm/min, the peak temperature increased
from nearly 442°C to 593°C (~from 0.67 to 0.9 Tm) (where Tm is the melting point). On
the other hand, the increase of tool traverse speed from 20 to 200 mm/min with a lowest
tool rotation speed of 800 rpm leads to the rise of peak temperature from about 442°C to
451°C. This trend can be attributed to the higher heat generation due to friction than
shearing at the interface between the tool and the BM at higher tool traverse speed, which
is resulted from the higher slip. While opposite trend is noticed with higher tool rotation

speed, i.e., less heat input was generated with higher tool traverse speed.
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Figure 4-1 Effect of FSW parameter on the peak temperature of AA 6082 FSW joints

Page | 76



4. Thermal history and metallurgical characterisations of AA 6082, AMC. and SAMC FSW joints

Although the tool rotation speed dominated the FSZ temperature, the exposure time
at high temperature and heating and cooling rate were more influenced by the tool
traverse speed. Figure 4-2 compares the thermal cycle at the centre of NZ from the peak
temperature concerning the welding time for four joints (welding matrix corners). Each
of these curves can be divided into three stages; plunge and preheating, welding and
cooling. For instance, the denoted lines t1, t2, and t3 represent these stages, respectively
for the W1 and W16 joints. The lower the tool traverse speed, the slower changes in the

temperature during both heating and cooling (slower heating and cooling rate).
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Figure 4-2 Effect of FSW parameters on thermal history in the NZ of AA 6082 FSW joints

Figure 4-3 presents the cross weld thermal cycles of the joint welded at highest and
lowest tool rotation and traverse speeds (corners of the welding matrix) in the middle of
welding line at several monitoring locations on the retreating side (RS) (TC1-TC4), and
advancing side (AS) (TC5-TCB8) (as presented in Figure 3-6) [Thermal history for all
joints are found in Appendix A]. The results of the four joints show an unsymmetrical
distribution in the temperature concerning the weld line; a higher temperature is

conducted in the RS than the AS. Also, the thermal cycles are characterised by higher
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heating rate followed by a relatively slower cooling rate as the tool moves away from the
locations of TCs. Consistency with a measured peak temperature in the centre of the NZ,

the induced temperature on the RS and AS is higher as the tool rotation speed increases.
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Figure 4-3 Thermal cycles on the RS and AS of W1, W5, W16, and W20 AA 6082 FSW joints

4.2.2 Metallurgical characterisations of the as-received AA 6082

Figure 4-4 shows the microstructure of the as-received AA 6082, including the EBSD
Euler map, grain size distribution, and misorientation angle. The EBSD map is shown in
Figure 4-4 (a), where the red and black lines represent the LAGBs and HAGBES,
respectively. It is seen that the BM exhibits a highly elongated pancake shape grain
structure with a mean grain diameter of 45 um (see Figure 4-4 (b)) highly dominated by
HAGBs as shown in Figure 4-4 (c), which is the typical structure resulted from the rolling

process.
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Figure 4-4 Microstructure characterisation of AA 6082; (a) EBSD map, (b) Grain size
distribution, and (c) Misorientation angle
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Based on the EBSD maps, pole figures of the BM calculated over areas 93,000 pm?
with a step size of 0.25 um are shown in Figure 4-5. The pole figures were generated
using Oxford Instruments CHANNEL 5 software, by equal area upper hemisphere
projection, contoured with a half-width of 20° and 5° data clustering. It is seen that cube
texture is the dominant orientation in BM, which is known as a typical recrystallised
texture in FCC. Also, the BM has a coarse grain structure dominated by HAGBs (see
Figure 4-4) so that recrystallisation generated during the production characterises the

BM.

Base metal AA6082-T6

(11}

Figure 4-5 Pole figures of the as-received AA 6082

Furthermore, TEM observations made in the BM as shown in Figure 4-6 to
characterise the strengthening precipitate as this alloy in T6 conditions. Three different
types and shapes of precipitate are revealed in these TEM micrographs. Firstly, coarse
irregularly shaped precipitates more than one um in size was found as shown in
Figure 4-6 (a). This phase is consisted of Al, Fe, Si, Mn, Cu, Cr, and Ni, as revealed by
the Energy Dispersive X-Ray Spectroscopy (EDS) spectrum (see Figure 4-7-phase 1).

The EDS results indicate there must also be some substitution of Cu, Cr and Ni into the
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lattice. The red circle in Figure 4-6 (a) shows approximately the related selected area
electron diffraction patterns (SAED) (Figure 4-6 (e) (SAED 1)). All patterns match well
with an Als,Mn,, type structure with space group 200(Pm3), with the substitution of Si
into some or all Al sites in the lattice and substitution of Fe into Mn sites. Secondly, Fine
homogenously distributed rounded precipitates up to 500 nm in size were observed in the
BM as shown in Figure 4-6 (a and b). The typical EDS spectrum detected Al, Mn, Si, Fe,
Cr, Cu; sometimes also a little Mg, Ni or V as shown in Figure 4-7-phase 2. The EDS
results indicate there must also be some substitution of Fe, Cr, and Cu into the lattice.
The related SAED patterns (Figure 4-6 (f) (SAED 2)) showed well match with an
Als,Mn,, type structure with space group 200 (Pm3) same as irregularly shaped
precipitates, with the substitution of Si into some or all Al sites in the lattice. Thirdly,
very fine linear precipitates structure with high density were observed as shown in
Figure 4-6 (c and d) white arrow, both Zandbergen et al. [109] and Marioara et al. [78]

proven that the ideal structure and composition of this phase in an Al-Mg-Si alloy was

determined to be MgsSi, (Ef), which occurred as precipitates and were related with a

mainly strong increase in the mechanical strength.
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Figure 4-6 (a-d) TEM bright field micrographs in the as-received AA 6082, and (e-f) Related
selected area electron diffraction (SAED)
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Figure 4-7 EDS spectrum related to the TEM

4.2.3 Metallurgical characterisations of AA 6082 FSW joints
4.2.3.1 Macrostructure and surface morphologies of the weldment

The metallurgical characteristics of AA 6082 FSW joints were significantly affected
by the variation in the thermal history and plastic flow. Typical features such as exit hole
profile, NZ profile, tunnel defect, lack of penetration, onion ring structure, flash (wake
effect) and surface appearance were examined for all FSW joints. Figure 4-8 shows the
surface morphology and exit hole profile of friction stir welded joints obtained at a
different combination of tool rotation and traverse speed, while Figure 4-9 presents the

related cross-weld macrostructure images.
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Figure 4-8 Surface morphology and exit hole profile of AA 6082 FSW joints under different
welding parameters (AS on the right)

Page | 84



4. Thermal history and metallurgical characterisations of AA 6082, AMC. and SAMC FSW joints

Tunnel defect

Figure 4-9 Cross-weld macrostructure of AA 6082 FSW joints under different welding
parameters (AS on the right)

The profile of the exit hole (thumbprint of tool shoulder) at un-plunge step can give
a good indication of weld quality. Mostly, defect-free joints are achieved when a
complete circle around the exit hole is formed [110]. When unsuitable FSW parameters
are used (lower heat input and insufficient stirring time), inhomogeneous shapes of exit
hole are formed, for example, Figure 4-8 (W5, and W10) combined by narrow NZ
contains macro defects (poor weld quality) such as tunnel defects (Figure 4-9 W4, W5,
and W10), cavity (Figure 4-9 WS5), and incomplete penetration along with non-
recrystallisation of the grains (Figure 4-9 W4, W5, W9, W10, and W15). The formation
of these defects is profoundly affected by the tool traverse speed and more likely to
happen when higher traverse speeds (125 and 200 mm/min) were used. Under such

conditions, the material received lower energy input per unit length of the weld (fewer
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tool rotations per millimetre) resulting in a lower volume of softened material in the NZ,
inappropriate flow of plasticised metal and insufficient stirring time. From these
observations, it can be concluded that in FSW the cavity is formed in trailing position
(behind the tool) of the AS then filled by sweeping of plasticised material from the
leading position, and the tunnel defect is more likely to happen if the cavity is not filled
with plasticised material.

On the other hand, by increasing the stirring time and lowering the cooling rate
through decreasing the traverse speed from 200 to 20 mm/min at a constant rotation speed
of 800 rpm, this leads to improve the flowability of softened metal and form a
homogeneous circle shapes of exit hole (Figure 4-8 W1) with elliptical NZ shape exhibits
a high degree of continuity and entirely joint free defects (Figure 4-9 W1).

Figure 4-10 shows the typical cross-weld macrostructure of W6 FSW joint. It is seen
that the friction stir zone (FSZ) consists of three different zones namely; HAZ, TMAZ,
and NZ, which were identified explicitly in all FSW joints. An elliptical shape
characterises the NZ with onion structure consist of alternating layers of coarse and fine
grains. Also, the FSZ is widened on the upper surface, as a result of high contact frictional

area and plastic flow in the shoulder/plate interface.

N

BM HAZ TMAZ

Figure 4-10 Typical cross weld section macrostructure of AA 6082 FSW joint welded at 1100
rpm - 20 mm/min (W6)
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The surface morphology of the FSW joints in terms of flash formation and surface
appearance has been investigated visually. Despite pushing the softened metal down by
rotating the tool in a counter-clockwise direction, excessive release of stirred material to
the upper surface as the flash was formed at the highest temperature in the range of 593°C
(1800 rpm / 20 and 40 mm/min) (Figure 4-8 W16 and W17) with a wider softened area.
On the other hand, a noticeable reduction in the amount of flash, as well as narrower
softened area, were obtained when the traverse speeds increased to 75, 125 and 200
mm/min (Figure 4-8 W18, W19, and W20).

Also, it is noticed that a smooth surface is observed from most weldments. However,
a weld surface covered by aluminium particles was obtained at higher heat input (hot
weld) when using the highest tool rotational speed (1800 rpm). More aluminium particles
were spread on the surface of the joint when the traverse speed increased to 200 mm/min
as shown in Figure 4-8 (W20). This feature can be assigned for the following reasons. (i)
The formation of more aluminium softened particles, which are stuck to the shoulder
surface of the tool and then picked up to the surface by centrifugal force to another
location [8, 111]. (ii) The excessive softening of the BM when using the highest heat
input during FSW. (iii) The stirring action between the tool shoulder and the horizontal
movement on the surface of the plate [112].
4.2.3.2 Microstructure evolution in AA 6082 FSW joints

The EBSD maps of the transition zones (TZ) from the BM to the NZ of a typical
weld (W1) revealed a heavily deformed microstructure as shown in Figure 4-11. These
zones have experienced partial recrystallisation, which consists of rotated elongated
grains and equiaxed grains. The softened elongated grains in the AS ( Figure 4-11 (2))

can be clearly seen rotating sharply where it passes into the NZ in the form of substantial
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plastic stirring as lamellar shear bands, coincided with increased dislocation densities
within the deformed grains [113]. While in the RS much more diffused interface is

observed (see Figure 4-11 (b)).

Figure 4-11 Transition zone of the W1 joint cross-section; (a) AS, and (b) RS
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Figure 4-12 presents the EBSD orientation and grain boundary maps obtained in the
centre of the NZ under different welding conditions. The morphology of grain structures
which evolved in the NZ under different welding conditions was clearly different from
that of the BM, and recrystallised equiaxed grains were evolved. The related grain size
distribution is shown in Figure 4-13 and the area-weighted mean size D is plotted as a
function of welding temperature as shown in Figure 4-14. It is seen that as the welding
temperature increased either by increasing tool rotation speed or decreasing the tool
traverse speed, the size of grain was increased. For example, by increasing rotation speed
from 800 to 1800 rpm at a constant tool traverse speed of 20 mm/min, the grain size
increased from around 7.4 to 20.5 um as a result of higher heat input, longer exposure
time and slower cooling rate. Meanwhile, when the tool traverse speed increase from 20
to 200 mm/min at a constant rotation speed of 800 rpm, the grain size decreased from

about 7.4 to 5 um due to the higher cooling rate.
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Figure 4-12 EBSD maps obtained in the centre of NZ of AA 6082 under different FSW
conditions. In the maps, HAGBs and LAGBs are depicted by black and red colour, respectively
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Figure 4-13 Grain size distribution in the NZ of AA 6082 under different welding conditions
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Figure 4-14 Effect of welding temperature on the grain size

In a polycrystalline material, the grain boundaries are categorised based on the
difference in crystallographic orientation between two crystallites (misorientation).
Figure 4-15 shows the related misorientation distribution angle of FSW joints. The grain
structures which evolved under all welding conditions are a mixture of LAGBs and
HAGBs. As the tool rotation speed decreased, the fraction of the HAGBs increased
indicating that grain refinement happened simultaneously with accumulation LAGBs. For
most examined cases, at a low angle, sharp angle peak characterised the misorientation
distribution, resulted from the accumulation of dislocation introduced by the plastic
deformation during the FSW whereas a broader peak was observed in the angular range

of 5 60° [114].
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4.2.3.3 Grain texture in AA 6082 FSW joints

Based on the EBSD maps, pole figures of the centre of the NZ for specific joints
collected in the TD-ND plane and calculated over areas between 69,000 um? and 93,000
um? with a step size of 0.25 um are shown in Figure 4-16 (a and b). The evolution of
texture is associated with the deviatoric stress states. Thermal and mechanical stresses
introduce in the material during the welding resulted from the thermal history and rotation
of tool and forward motion. Under all welding conditions, the pole figures exhibit
preferred orientation, mostly dominated by <111> fibre textures (Figure 4-16 (a)), but
with considerable variation in the direction of the fibre axis, the texture strength and the
degree of preferential orientation around the fibre axis. At 800 rpm tool rotation speed
and lowest tool traverse speed of 20 mm/min, the <111> fibre texture is moderately
strong, with the direction of the fibre axis angling further from the ND as tool traverse
speed increases (19° at 20 mm/min, 40° at 75 mm/min), towards the WD. This trend
appears to break down at 200 mm/min tool traverse speed when the rate of heat input and
induced stresses are lowest, and there is a weakening of the texture. At the opposite corner
of the matrix, 1800 rpm tool rotation speed and 20 mm/min tool traverse speed (W16),
when the rate of heat input and stresses is highest, the <111> fibre texture is very strong,
closely aligned with the ND, and is dominated by a single orientation around the fibre
axis, approximating to a (111)[011] or (111)[211] texture. As the tool traverse speed
increases, there is a weakening of the texture and a shift of the fibre axis about 16° away
from the ND, backwards from the WD. At the same time, there is a strengthening of a
<100> fibre texture, which dominates the <111> fibre texture at 200 mm/min tool
traverse speed (see Figure 4-16 (b)). The <100> fibre axis is angled about 71° from the

ND, backwards from the WD and TD. For a tool traverse speed of 75 mm/min, increasing

Page | 94



4. Thermal history and metallurgical characterisations of AA 6082, AMC. and SAMC FSW joints

the rotation speed gradually changes the direction of the <111> fibre axis, while the
texture strength remains about the same. At 800 rpm the fibre axis is angled towards the
WD, 40° from the ND, but at higher tool rotation speed it is angled backwards from the

WD, 4° from the ND at 1100 rpm and 17° at 1800 rpm.

Tool rotation speed (rpm)
( a) p! Ip!
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20

75

Tool traverase speed (mm/min)

200
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Multiples of uniform density
01234586
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Figure 4-16 Pole figures generated from EBSD maps of AA 6082 FSW joints; (a) {111} pole
of the NZ, showing the variation in texture with welding parameters, and (b) {100} pole of the
NZ for 1800 rpm tool rotation speed, showing the variation in texture with tool traverse speed
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4.2.3.4 Strengthening precipitate in AA 6082 FSW joints

Since the BM used in this study strengthened by precipitation hardening (T6-
conditions) and it is affected by heat input and thermal history, TEM observations made
in the HAZ (Figure 4-17), and NZ (Figure 4-18) of the joint welded at highest heat input
and slowest cooling rate (W16). Different types and shapes of precipitate are revealed in
these TEM micrographs. Coarse irregularly shaped precipitates more than one um in size
and homogeneously distributed rounded precipitates up to 500 nm in size were observed
in HAZ as shown in Figure 4-17 (a and b). These precipitates were identified as Als, Mn,,
type structure with space group 200(Pm3) same as the one identified in the BM (see
Figure 4-6). Compared to the BM the fine linear strengthening precipitates have
coarsened severely in the HAZ with the size of about 400-1000 nm long, 50-100 nm wide
and well aligned with or perpendicular to each other (see Figure 4-17 (b and c)). The EDS
spectrum of this precipitate (see Figure 4-7-phase 3) detected Al, Mg, and Si with
probably a large contribution of Al from the matrix because of the small size of the
precipitate. The related SAED (Figure 4-17 (d)) matches well with a Mg,Sis (B) type
structure with space group 173 (P63) or 176 (P65/m) and this is consistent with the
EDS results. The pattern also contains a line of (h00) diffraction spots from the matrix,
which are very closely aligned to the (7180) precipitate spot, indicating that these planes
are parallel. This alignment with the matrix explains the orthogonal alignment of the
precipitates observed in the BF images. The appearance of this phase give much less
contribution to the hardness and strength [115].

Figure 4-18 shows the precipitate morphologies in the NZ, which is characterised by
the appearance of rounded precipitates (see Figure 4-18 (a and b)) up to 500 nm same as
the BM and HAZ, as well as, both coarse (B) (Figure 4-18 (c)) with high density and fine
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B (Figure 4-18 (d)) with less density linear precipitate. Furthermore, from the
comparison of spot intensities, it is found that for the base metal and HAZ spot intensities
are fairly even, suggesting a relatively disordered solid solution, whereas for the weld
centres the intensities vary (e.g. (100) less than (200)) suggesting a more ordered solid

solution.
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Figure 4-17 (a-c) TEM bright field micrographs in the HAZ, and (d) Selected area electron
diffraction (SAED)
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Figure 4-18 TEM bright field micrographs in NZ; (a and b) round precipitate, (c) Coarse
precipitate B, and (d) Fine precipitate B

4.3 Aluminium matrix composite AA 6092/SiC/17.5p-T6

4.3.1 Welding temperature and thermal history

Detailed temperature measurements with thermocouples and infrared camera have
been done to map out the temperature field during FSW. Figure 4-19 shows the maximum
temperature in the centre of the weld (NZ). It is seen that the peak temperature in the NZ
increased from around 500 to 605 °C with the increasing of tool rotation speed from 1500
to 2100 rpm at a constant tool traverse speed of 25 mm/min. On the other hand, the rises
of tool traverse speed from 25 to 100 mm/min lead to a reduction of the peak temperature
from about 500 to 488 °C using a constant tool rotation speed of 1500 rpm. Furthermore,
there is no significant change in the welding temperature, and it tends to be saturated

when the tool rotation speed rises from 1800 to 2100 rpm.
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Figure 4-20 compares the effect of the different tool traverse and rotation speed on
the thermal history in the centre of NZ for the welds produced with 1500 and 2100 rpm
at a tool traverse speed of 25 and 100 mm /min (corners of welding matrix). It is evident
that the temperature gradient from the peak temperature of the NZ decreases with the
reduction of tool traverse speed (lower cooling rate from high temperature). The increase
of tool traverse speed from 25 to 100 mm/min at a constant rotation speed of 1500 rpm
reduces the cooling time from peak temperature from about 150 sec to around 40 sec.
Figure 4-21, Figure 4-22, and Figure 4-23 show the cross-weld thermal history measured
in the AS and RS as a function of distance from the welding line for the joints welded by
using tool rotation speed of 1500, 1800 and 2100 rpm, respectively. The recorded
temperature field shows the highest temperature is closest to the weld line, and it is nearly
symmetric on both sides concerning the weld line. However, it is clear that the

temperature at the RS is higher than that at the AS.
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Figure 4-19 Effect of FSW parameters on the peak generated temperature in the NZ of AMC
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Figure 4-20 Effect of FSW parameters on thermal history in the NZ of AMC
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Figure 4-21 Thermal histories of AMC joints welded at a tool rotation speed of 1500 rpm and
different tool traverse speed; (a) 25, (b) 50, and (c) 100 mm/min
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Figure 4-22 Thermal histories of AMC joints welded at a tool rotation speed of 1800 rpm and
different tool traverse speed; (a) 25, (b) 50, and (c) 100 mm/min
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Figure 4-23 Thermal histories of AMC joints welded at a tool rotation speed of 2100 rpm and
different tool traverse speed; (a) 25, (b) 50, and (c) 100 mm/min

4.3.2 Metallurgical characterisations of the as-received AMC

Figure 4-24 shows the microstructure of the as-received AMC, including the SEM
image, EBSD map, grain size distribution, and misorientation angle. As shown in
Figure 4-24 (a), the microstructure of the BM shows a reasonable distribution of the
reinforcement particles (SiC) in the matrix alloy having an average size of around 6 pum.

Figure 4-24 (b) represents the EBSD Euler map; individual grains were coloured
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according to their crystallographic orientations, which is indicated by the colour code
legend in Figure 4-24 (e), and the black and red lines represent the HAGBs and LAGBs
as well as, the white area represents the SiC. BM microstructure shows a significant
variation in the grain size ranging from 3 to 39 um having a mean diameter of around 13
pum, with a mixture of HAGBs (high surface energy) and a high fraction of low energy
substructure network LAGBs (subgrains) as shown in Figure 4-24(c and d). This can be
related to the fact that when the polycrystalline metal deformed a large number of LAGBs
are formed, as the LAGBs consist of arrays of edge dislocations and its structure and

properties depend on the misorientation angle [116].
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Figure 4-24 Microstructure characterisation of AMC; (a) SEM image, (b) EBSD map, (c) Grain
size distribution, (d) Misorientation angle, and (e) EBSD legend

4.3.3 Metallurgical characterisations of AMC FSW joints

4.3.3.1 Macrostructure and surface morphologies of the weldment and FSW tool
Figure 4-25 shows the surface morphologies of AMC FSW joints with various

welding parameters of tool rotation and traverse speeds. Visual observations revealed that

a rough surface was formed in contact with the tool shoulder same as demonstrated by

Ceschini et al. [40], with the formation of the so-called wake effect feature (flash) as
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similarly reported by Kalaiselvan et al. [39]. Smoother surface joints obtained for hotter

welds that are fabricated with higher tool rotation speed and lower tool traverse speed.
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Figure 4-25 Surface morphologies of AMC FSW joints under different welding parameters
(AS on the right)

Figure 4-26 reveals the cross-weld macrostructure of the welded joints; it is clear
from the figure that a complete penetration and joint entirely formed under all welding
parameters. Also, it can be seen from the figures that the increase of tool rotation speed
and reduction of the tool traverse speed can increase the width of the FSZ. The
macrographs further depict that the formation of joints is free of defects and there are no
significant volumetric defects such as tunnels, pinholes, and wormholes in the NZ.
However, macro defect under the top surface was identified in the joints welded at 2100
rpm - 50 mm/min (Figure 4-26-W8) with the precipitate of the iron layer as shown in

EDS map and spectrum Figure 4-27. This defect is attributed to the fretting damage of
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the nitrided layer due to rubbing action between the tool shoulder and reinforcement

particles, which is lead to precipitate iron layer on the top surface.
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Figure 4-26 Cross-weld macrostructure of AMC FSW joints under different welding parameters
(AS on the right)
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Figure 4-27 EDS map and spectrum of AMC joint welded at 2100 rpm and 50 mm/min (W8)
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Figure 4-28 shows the surface morphology of the welding tool before and after the
welding process. As a result of filling threads by BM, a delay in the wear of the tool pin
was achieved, and the tool was still maintained the original shape. However, due to the
large contact area between the shoulder of the tool and the surface of the BM, some
abrasion was detected on the tool shoulder. This result indicates that the surface heat
treatment (plasma nitriding) for the tool surface can improve the wear resistance and

increase the life of the tool.

(a)

Figure 4-28 Surface morphology of FSW tool; (a) Before welding, and (b) After welding

Figure 4-29 shows the typical cross-weld macrograph of the AMC FSW joint (W5).
It can be seen clearly that the FSZ consists of three different zones namely; HAZ, TMAZ
and NZ, which are identified in all joints. The NZ exhibited an elliptical shape and onion
ring structures with the widened area on the upper surface for all examined joints, same
as reported by Feng et al. [41] and Cavaliere et al. [117]. This indicates that there is
sufficient frictional heat, stirring action, and material plastic deformation available for

complete plasticization and material flow for proper coalescence.
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Figure 4-29 Typical cross-weld of AMC joint W5 (AS on the right)

The flow lines within the NZ (onion ring patterns) are related to the tool design,
welding parameters, and process of friction heating due to the rotation of the tool and the
forward movement extruding the material around the RS of the tool. Figure 4-30 (a)
shows the EBSD band contrast of the onion ring structure in the NZ. It is distinguished
with alternating layers of refined grains in addition to subgrain with various stages of
development. The variations in grain evolution as shown in Figure 4-30 (b), which is a
higher magnification from the subregion from Figure 4-30 (a), show different grain size
characteristics of the banded structure and a network of LAGBSs spread throughout the
structure. It was suggested that the FSW process could be thought to be simply extruding
one cylindrical sheet of material in one rotation of the tool and the cutting through the

section of the material results in the formation onion ring structure [118].
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Figure 4-30 (a) Typical onion ring microstructures in AMC FSW joint at the centre of NZ for
W3 welds, and (b) Higher magnification from the indicated region in (a)

4.3.3.2 Microstructure evolution in AMC FSW joints

Due to the effect of reinforcement particles (SiC) size and distribution on the isotropy
and local mechanical properties, a homogeneous particle distribution is a critical factor
to achieve in FSW joints. The SiC distribution after the welding process in the centre of
the NZ is given in Figure 4-31. It can be seen from this figure that all samples show a
homogenous distribution of SiC in the stirred zone as a result of stirring action and mixing
the metal during the welding process. More homogeneity was achieved at lower welding
traverse speed. Also, it was observed that the SiC particles were fractured in the NZ
(white arrow) and the edges of the particles were blunted compared to the sharp SiC
particles in the BM. This leads to refinement of SiC, for example, W1, W3, and W7
having an average size of around 1, 3, and 1.7 um, respectively with the presence of small
rounded particles, which did not appear in parent composite metal. This phenomenon can
be related to the abrasion and stirring action between the SiC particles and tool pin
circumference, as well as, to the extremely high plastic deformation which occurred
during FSW [45]. The EBSD map of the FSZ in the AS of a typical weld (W1) shown in

Figure 4-32. In this figure, there is a clear gradient in the cross-weld microstructure (grain
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size), and it is consist of three significant parallel area namely; BM, TZ, and NZ inclined

by around 45°.

Figure 4-31 SiC distribution in the NZ of AMC joints under different welding conditions
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Figure 4-32 Gradient in the grain size of the AMC cross-weld sample (W1)

Figure 4-33 shows the EBSD Euler orientation and grain boundary maps in the NZ
for welds obtained under different welding conditions. These maps present a clear
visualisation of the grain size. In comparison with BM, more homogeneous
microstructures with fine equiaxed grains were formed in the NZ as shown in Figure 4-34.
Furthermore, to analyse the grain boundary characteristics, the selected misorientation
angle distributions are shown in Figure 4-35. At lowest tool rotation speed (1500 rpm)
fine equiaxed grains were formed in the NZ combined by a low fraction of LAGBs. Grain
growth happened with the increase of tool rotation speed to 1800 and 2100 rpm as a result
of high welding temperature. In both cases, the grain boundaries are highly dominated by
HAGBs. Consequently, the LAGBs increases with the increase in tool traverse speed,
while the local misorientation change in a few grains, and it is more evident with 1500
rpm rotation speed. From Figure 4-24 (d), and Figure 4-35 five important observations

can be made: (i) The BM consists of HAGBs and a high fraction of LAGBs. (ii) The
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fraction of HAGBs increases under all welding conditions in comparison to BM. (iii) For
all examined cases, at a low angle, the misorientation distribution is characterised by a
sharp angle peak whereas a broader peak was observed in the angular range of 5-60°. (iv)
The HAGBs are close to the random distribution under most welding conditions. (v) The

formation of LAGBs is more affected by tool traverse speed than tool rotation speed.

+ Tool rotation speed
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Figure 4-33 EBSD images of grain morphology and the distribution of HAGBs (black line),
and LAGB:s (red line) under different welding conditions
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Figure 4-34 Grain size distribution in the NZ of AMC joints under different welding conditions
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Figure 4-35 Misorientation angle in the NZ of AMC joints under different welding conditions
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4.4 Sandwich aluminium matrix composite AA 6061B/SiC/20p-T1

4.4.1 Welding temperature and thermal history

The maximum temperature generated in the centre of the NZ is measured by the
infrared camera and presented in Figure 4-36. Similar to the general trends for AA 6082
and AMC, the increase of tool rotation speed from 1500 to 2100 rpm leads to increase
the peak temperature from around 530 to 610 °C at 25 mm/min traverse speed and from
about 512 to 585°C at 100 mm/min traverse speed. Under all used rotation speeds, the
rises of tool traverse speed lead to reduce the peak temperature, for example, the
temperature dropped from around 530 to 512 °C when tool traverse speed increased from
25 to 100 mm/min at a constant tool rotation speed of 1500 rpm. Similarly to AMC, the
peak temperature tends to be saturated as the tool rotation speed increase from 1800 to
2100 rpm. The cross-weld thermal histories were measured by thermocouples in the
middle of welding line at several monitoring locations on the retreating side (RS) (TC1-
TC3), and advancing side (AS) (TC4-TC6) as shown in Figure 4-37, Figure 4-38, and
Figure 4-39. The distribution of temperature recorded on both sides is nearly
symmetrical, with higher induced temperature on the RS, consistent with AA 6082 and

AMC.
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Figure 4-36 Effect of FSW parameters on the peak temperature in the NZ of SAMC
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Figure 4-37 Thermal histories of SAMC joints welded at a tool rotation speed of 1500 rpm and
different tool traverse speed; (a) 25, (b) 50, and (c) 100 mm/min
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Figure 4-38 Thermal histories of SAMC joints welded at a tool rotation speed of 1800 rpm and
different tool traverse speed; (a) 25, (b) 50, and (c) 100 mm/min
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Figure 4-39 Thermal histories of SAMC joints welded at a tool rotation speed of 2100 rpm and
different tool traverse speed; (a) 25, (b) 50, and (c) 100 mm/min

4.4.2 Metallurgical characterisations of the as-received SAMC

Figure 4-40 shows the optical and SEM microstructure of the cross-section of SAMC.

It is seen that this material consists of aluminium matrix composite as a core (hard)

covered by two layers of aluminium (soft) on the top and bottom surface having a

thickness of around 0.5 mm. The SEM image of the core composite shows a reasonable

distribution of the SiC reinforcement particles in the matrix alloy having a size ranging
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from around 200 to 700 nm. Also, it is pointed out that there are some SiC particle clusters
in the BM. This phenomenon is more likely to happen with the increasing of SiC particles
volume fraction [119].

Figure 4-41 presents the EBSD Euler map, grain size distribution, and misorientation
angle of the core metal. In the EBSD map, the white area represents the SiC, while the
black and red lines represent the HAGBs and LAGBSs, respectively. The core
microstructure is dominated by a fine grain having a size ranging from around 2 to 6 um
with a mean diameter of around 1.6 um (see Figure 4-41 a and b), as well as, there is
some elongated grain (green oval) due to incomplete recrystallisation. This is confirmed
by the distribution of misorientation angle as shown in Figure 4-41 (c), as it is consist of

a mixture of a high fraction of HAGBs and LAGBs (subgrains).

Aluminium surface

. V.
AccV Spot Magn Det WD F——— 5um
200KV 30 14926x SE 100

- @—— Aluminium surface

Figure 4-40 Optical and SEM microstructure observed at the cross-section of SAMC
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Figure 4-41 Microstructure characterisation of SAMC; (a) EBSD map, (b) Grain size
distribution, and (c) Misorientation angle

4.4.3 Metallurgical characterisations of SAMC FSW joints

4.4.3.1 Macrostructure and surface morphologies of the weldment

Figure 4-42 presents the surface morphologies of SAMC FSW joints under different
welding parameters of tool rotation and traverse speeds. Visual observations revealed that

a smooth surface was mostly formed in contact with the tool shoulder combined with the
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formation of excessive flash, as the top surface layer characterised by softening.
Figure 4-43 displays the related cross-weld macrostructure of the welded joints. The
macrographs reveal that joints free defect were formed with no significant volume defects
such as tunnels, pinholes, and wormholes under all welding parameters. However, joints
welded at 1800 rpm — 50 and 100 mm/min (see Figure 4-43 W5 and W6) show a flowing
arm of soft aluminium alloy generated from the bottom surface to the centre of weld
forming continuous elliptical shape not mixed with core metal and segregate between the
NZ and TZ. This feature has been confirmed by EDS map and spectrum as shown in
Figure 4-44. Also, it can be seen from the macrograph figures that the increase of tool

traverse speed leads to keep a thinner layer of aluminium on the top surface.

W9

1500/25 1500/50 1500/100 1800/25 1800/50 1800/100 2100/25 2100/50 2100/100

20 mm

Figure 4-42 Surface morphologies of SAMC FSW joints under different welding parameters
(AS on the right)
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Figure 4-43 Cross-weld macrostructure of SAMC FSW joints under different welding
parameters (AS on the right)
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Figure 4-44 EDS map and spectrum of SAMC joint welded at 1800 rpm and 50 mm/min (W5)
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Figure 4-45 shows the onion ring structure in the NZ. Because there are two different
materials in SAMC; the formation of a composite structure within the NZ is inevitable.
Typically, it appears in the forming of onion ring in the NZ alternating layers of the soft
aluminium and hard AMC as shown in Figure 4-45-b, which is a higher magnification
from the subregion from Figure 4-45-a. Figure 4-45-c presents the related EBSD map; it
clearly shows the variations in grain evolution as it is consist of different grain size
characterise the banded structure with a network of LAGBs spread throughout the

structure.
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Figure 4-45 Typical onion ring microstructures of SAMC in the centre of NZ for W5 welds; (a)
SEM, (b) Higher magnification from the indicated region in (a), and (c) Related EBSD map
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4.4.3.2 Microstructure evolution in SAMC FSW joints

Due to the main application of SAMC in the aerospace industry, a homogeneous
particle distribution is needed to achieve consistent mechanical properties. The SiC
distribution in the NZ is given in Figure 4-46. After FSW, the SiC particles were more
homogeneously distributed in the NZ, except the area that contained aluminium alloy in
the onion ring structure as discussed above. It is interesting to note that a lower
concentration of clusters is observed in the NZ than in the BM. It was reported that a
reduction in the particle clusters in composite metals happens in the extrusion process
[120]. In the same way, it appears that the stirring action of FSW can be beneficial to

produce homogenous particles distribution in the NZ. Thus, it is reasonable to believe

that the clusters present in the BM are broken down during the welding process.

Figure 4-46 SiC distribution in the NZ of SAMC joints under different welding conditions
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The EBSD Euler orientation and grain boundary maps in the NZ for welds obtained
at different welding conditions are presented in Figure 4-47. In comparison with as-
received material more homogeneous microstructures with fine equiaxed grains were
formed in the NZ within a range of around 1.5 to 2.6 pum as shown in Figure 4-48.
Figure 4-49 presents the related misorientation angle distributions. Under most of
welding conditions grains, refinement dominated by a high fraction of HAGBs close to
the random distribution were formed due to complete recrystallisation processes.
However, there is an increase in the LAGBs of W5, W6, and W9 joints, which is resulted
from the heterogeneity in grain sizes exhibited in the form of bands containing coarse
grains (soft aluminium alloy) of size ranging from about 6 t010 pm, and fine grains

(AMC) having an average size of around 1.7 um (see Figure 4-47 W5).
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Figure 4-47 EBSD images of grain morphology and the distribution of HAGBs (black line), and
LAGBs (red line) under different welding conditions
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Figure 4-48 Grain size distribution in the NZ of SAMC joints under different welding conditions
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Figure 4-49 Misorientation angle in the NZ of SAMC joints under different welding conditions
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The EBSD map of the TZ from the BM to the NZ in the AS of a typical weld (W6)
IS shown in Figure 4-50. It is seen that this zone consists of three significant
microstructure characteristics; firstly, very fine completely recrystallised equiaxed grain
in the NZ. Secondly, the soft aluminium alloy flow arm with very large grain segregate
between the NZ and TZ. Thirdly, a heavily deformed microstructure with sharply rotated
elongated grains in the form of substantial plastic stirring as lamellar shear bands in the

TZ.

Figure 4-50 Friction stir zone on the AS of the W6 SAMC FSW joint

4.5 Analysis and discussion of results

The properties and performance (weld quality) of the FSW joints are strongly
controlled by FSW parameters (tool rotation and traverse speed). As the relationship
among the process parameters, heat generation, material flow and plastic deformation,
are so complicated [7], this contributes to form a complex structure, and development of
texture within the stirred zone [15] and dissolve and/or re-precipitated strengthening
precipitate in the FSZ [121]. This study has demonstrated that the variation in the FSW
parameters plays a significant role in the recrystallisation and grain refinement,

crystallographic texture, strengthening phase transformation, and joint soundness and
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these aspects obviously influence the overall quality of the FSW joints. An interaction
diagram (Figure 4-51) has been developed to relate the quality of weldments to the
experimental parameters investigated in this study; this is accomplished by looking into
the basic physics of how the experimental parameters influence the physical parameters
that control the quality of weldments. For example, an increase in tool rotation speed will
increase the amount of heat input, material flow and plastic deformation and thus a

variation in the metallurgical and mechanical properties.

The characterisations of joints Physical parameters which Experimental parameters which
which influence the weld affect the characterisations of influence the physical
quality joints parameters

+ .
o _ Rotation speed
Recrystallisation

orain si + .
and grain size ¥ Heat input

Strengthening phase
Weld quality transformation
Crystallographic
texture
Material flow
Joint soundness _ and plastic

deformation

. Traverse speed

Figure 4-51 Interaction diagram linking the experimental parameters with the physical
parameters and joint characterisations, which are influence the weld quality

The in-depth metallurgical characterisation of the aluminium alloy (AA 6082-T6),
AMC (AA 6092/SiC/17.5p-T6), and SAMC (AA 6061B/SiC/20p-T1) as base metal and
FSW joints have revealed several microstructural features that can be linked to the
influence of the base metal microstructure and FSW parameters. The effect of FSW
parameters on the heat input and thermal history for all studied materials is reported.

Moreover, the investigations also highlighted the microstructural characterisations

under different welding conditions. Based on the developed interaction diagram, it was
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found that the relationship among welding parameters, heat input and metallurgical
characterisations is quite complex. The correlations between these effects and the
observed microstructural features will be discussed in this section.
45.1 Effect of FSW parameters on the heat input and thermal cycle
Understanding the effect of FSW parameters on the thermal histories is a critical issue
as it has a significant effect on post-weld metallurgical characteristics and subsequently
on the mechanical properties. FSW differs from conventional welding processes such as
arc and laser welding, since these use an external heat source of a specified power,
whereas in FSW heat is generated from friction action between tool surfaces (shoulder,
and pin) and BM, as well as from the severe plastic deformation of welded materials. The
heat input is, therefore, a complex function of the welding parameters, the alloy being
welded, and the tool design [122]. A higher amount of heat is generated from the tool
shoulder than the tool pin due to the larger contact area between shoulder and BM surface
and the higher linear velocity of the shoulder than that of the pin. Except for the plunging
and retracting tool steps, heat is generated at a constant rate during the intermediate
period, and similar geometry, structure and properties are formed in the cross-welds,
which indicates a quasi-steady behaviour [123-125]. Thus in this study, the peak
temperature and thermal history were measured in the mid-length of the welded joints. In
FSW the combined effect of the tool traverse speed and tool rotation speed is defined as
the weld pitch (WP), as it is the ratio between tool traverse speeds to tool rotation speed
(mm/rev). WP controls the thermal cycle during the welding process, i.e., the FSW joint
exposed to higher cooling rate and lower exposure time at high temperature when higher
WP is used. The peak temperature generated in the NZ of FSW joints of the three studied

materials are plotted as a function of tool rotation speed (see Figure 4-1, Figure 4-19, and
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Figure 4-36) and as a function of the WP as shown in Figure 4-52. In AA 6082
(Figure 4-52 a) the increase of WP by rising the tool traverse speed from 20 to 200
mm/min (ten times) at a constant tool rotation speed of 1800 rpm results in a decrease in
the peak temperature by nearly 2%. In comparison, decreasing the WP by increasing the
tool rotation speed from 800 to 1800 rpm (2.25 times) caused the peak temperature to
rise by about 25% and 22% at a constant tool traverse speed of 20 and 200 mm/min,
respectively. Also, there are considerable variations in the peak temperature for the
combinations of tool rotation and traverse speed corresponding to the same WP.

A similar trend has been noticed in the AMC and SAMC (Figure 4-52 b and c), these
figures indicate three tendencies for attention. Firstly, for joints welded with the same
tool traverse speed, the reduction in peak temperature as a function of WP was so sharp.
For AMC, the increase of WP by decreasing the tool rotation speed from 2100 to 1500
rpm (29%) caused the peak temperature to decrease by about 17 %. Secondly, for joints
welded with a similar tool rotation speed, a lower sharpness in the drop of welding
temperature has obtained. The rises of tool traverse speed from 25 to 100 mm/min (300%)
increase the WP, leading to a reduction of the peak temperature by nearly 2.5,1.2 and 1.5
% for tool rotation speed of 1500, 1800 and 2100 rpm, respectively. Thirdly, there is no
significant change in the welding temperature, and it tends to be saturated when the tool
rotation speed rises from 1800 to 2100 rpm. Sato et al. have experimentally confirmed
this phenomenon [126]. They demonstrate that the maximum temperature rises gradually
beyond 2000 rpm. This observation can be related to the reduction of the friction
coefficient and torque when the weld metal softens at a high temperature [15]. This leads
to reduce the heat generated in the metal by mechanical work and stabilise the

temperature to avoid the melting of metal.
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As a result, from these facts, it can be clearly seen that the induced temperature on
the workpiece is influenced by both tool rotating and traverse speeds with considerable
variations in the peak temperature for the combinations of tool rotation and traverse
speeds corresponding to the same WP. Also, the important general observation that can
be revealed from these figures is that the tool rotation speed has a more significant effect
on the generated peak temperature than the tool traverse speed. These findings are in
agreement with the finding of Seidel and Reynolds [127]. They reported that the amount
of energy input (Joules/meter) relates to the specific WP, as the WP increase, a reduction
in the energy per unit length of weld occurred.

Regarding the cross-weld thermal history in the AS and RS for the three investigated
materials, it is seen that the highest temperature is closest to the weld line, and it is nearly
symmetric on both sides concerning the weld line. However, it is clear that the
temperature at the RS is higher than that at the AS. Schneider, J. A [128], and Rui-dong
Fu et al. [129] have reported a similar thermal history trend. This trend can be explained
from a metal flow mechanism viewpoint in FSW. The FSW tool swept the hot softened

material from the AS to the RS, as the tool moves ahead more heat generated on the RS.
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4.5.2 Effect of thermal history on the metallurgical characteristics of FSW joints
The initial microstructure of the BM influences the final microstructure evolution of
the FSW joints. Also, the observed microstructural difference between the BM and FSW
joints are believed to be related to the peak temperature, exposure time at highest
temperature, temperature gradient, and plastic deformation, which is controlled by
welding parameters (tool rotation and traverse speeds) [42, 130]. As previously shown in
this chapter, the initial state microstructure of the three studied materials (AA 6082,
AMC, SAMC) consisted of inhomogeneous grain structure as presented in Figure 4-4,
Figure 4-24, and Figure 4-41, respectively. The BM sheets were prepared with different
processing routes, which has resulted in different microstructural homogeneity specific
to the processing routes, for example a highly elongated pancake shape grain structure
dominated by HAGBs in AA 6082, coarse grain dominated by LAGBs in AMC, and very
fine equiaxed grain with a mixture of HAGBs and LAGBs in SAMC. In FSW, the
evolution of microstructure, texture and plastic flow within each subzone of the FSZ is
highly dependent on the thermal cycle and stress states [113, 131]. Thermal and
mechanical stresses are induced during the welding process from thermal history and tool
stirring action, respectively. Microstructure evolution near the top surface of FSZ is
mainly affected by the stresses induced from the tool shoulder, while the rest of NZ is
affected by the induced stresses from the rotating pin. Thus to avoid the complicated
effect of thermal cycle and material flow in the top and bottom part of the FSZ, a
systematic investigation was carried out on the centre of the NZ.
4.5.2.1 Influence of FSW parameters on the macrostructural characterisation
The FSZ of most welded joints (AA 6082, AMC, and SAMC) showed the formation

of joint free defects with complete penetration (see Figure 4-9, Figure 4-26, and
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Figure 4-43). However, volumetric defects and incomplete penetration were formed in
the FSZ of AA 6082 FSW joints fabricated at low tool rotation speed (800 and 1100 rpm)
and high traverse speed (125, and 200 mm/min) as a result of insufficient frictional heat,
stirring action, and material plastic deformation. Thus, for AMC and SAMC, higher tool
rotation speed starts from 1500 rpm, and tool traverse speed up to 100 mm/min was used
to achieve complete plasticization and material flow for proper coalescence and avoid
defects formation.

So far, it is broadly identified that three different deformation zones in FSW joints,
namely NZ, TMAZ, and HAZ. However, on a finer scale, this deformation is associated
with a more intricate feature generally known as the “metallurgical band” or “onion
rings”, which is a unique feature in the NZ of FSW. Microscopically, this feature is
observed as a repetitive pattern on the cross-weld of the joints in a swirl pattern. In this
study, two structures are found for the onion ring based on the used BM. For AA 6082
and AMC, the onion rings structure arises due to a rhythmic variation in grain size as
shown in Figure 4-30. Meanwhile, in the SAMC, it is formed due to precipitate
alternating layers of soft aluminium and hard AMC with different grain size as shown in
Figure 4-45. The appearance of onion ring structure in the NZ is direct evidence of
material flow phenomena occurring during the FSW, and it is associated with the
oscillation of the tool rotation axis about its linear travel axis [112].

Furthermore, for all studied materials, the NZ exhibits an elliptical shape as a result
of using high tool rotation speed. This is in agreement with an investigation of friction
stir processing (FSP) of cast aluminium A356 conducted by Ma et al. [132]. They

reported that the NZ profile is highly depending on process parameters, at a higher tool
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rotation speed of more than 700 rpm elliptical NZ was observed; meanwhile, the lower
tool rotation speed of 300—500 rpm resulted in the formation of basin-shaped NZ.

The TMAZ has experienced partial recrystallisation processes, as the peak
temperature and plastic deformation is not quite sufficient to cause complete
recrystallisation. Meanwhile, there are no significant plastic deformations in the HAZ,
and it is only affected by the thermal cycle generated during the welding process.
However, even though this zone is experienced a thermal cycle, it is not influenced by
the heat regarding grain size. Instead, the most common metallurgical phenomena
happened at higher temperature are decomposition of strengthening precipitates [94, 133,
134].
4.5.2.2 Influence of FSW parameters on the microstructural characterisations

The contribution of intense plastic deformation and high-temperature exposure
during welding process results in the generation of a recrystallised fine equiaxed
dislocation-free grains microstructure within the NZ in comparison to the initial BM
microstructure. The relationship between the mean grain size measured by EBSD and the
peak temperature in the NZ for the investigated materials are displayed in Figure 4-53.

In aluminium alloy (AA 6082), two tendencies can be noticed on the effect of
welding parameters on the grain size as shown in Figure 4-53-a. Firstly, by increasing the
tool rotation speed, the mean grain size increases with the generated welding peak
temperature under the studied conditions, and it is more pronounced at the highest
rotation speed of 1800 rpm. However, the evolved grain is finer than that of the BM.
Secondly, it is evident that the increases of the traverse speed lead to decreases the grain
size. This is attributed to the lower soaking time at peak temperature and a high cooling

rate (the amount of heat input is mainly affected by tool rotation speed, while, the tool
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traverse speed determines the cooling rate). According to Heidarzadeh et al. [135], this
result shows that the relationship between grain size and the peak temperature of the
welds is similar to the static grain growth equation.

According to the Figure 4-53 (b), two behaviours are observed in AMC,; firstly, at
lowest tool rotation speed (1500 rpm), larger grains were formed at highest tool traverse
speed. This behaviour can be related to the incomplete recrystallisation in the NZ, as a
result of lower heat input, insufficient stirring time, and a high cooling rate. This
behaviour is confirmed by the formation of a low fraction of HAGBs (see Figure 4-35
(W3)). Secondly; at the higher tool rotation speed (higher heat input) the mean grain size
coarsened (grain growth) with the generated welding peak temperate under the studied
conditions, and this effect was found to be more pronounced at the highest rotation speed
(temperatures exceeding 0.75 from melting temperature). It is evident that the grain size
decreases accompanying increases of the traverse speed, as a result of low exposure at
high temperature, which leads to form finer recrystallised grain in the NZ with a high
fraction of HACB:s.

The effect of peak temperature on the mean grain size in the NZ of SAMC is shown
in Figure 4-53-c. It can be seen that the increase of tool rotation speed did not show a
significant effect on the size of the evolved grain in the NZ. This can be related to the
initial BM microstructure, as it consists of very fine equiaxed grain. However, the
welding process leads to increase the fraction of the HACBs in comparison to the BM

(see Figure 4-49).
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The understanding of local grain structure and properties are necessary for the
understanding of its behaviour and effect on the mechanical properties. The mechanisms
of recovery and recrystallisation that happened in the NZ are so complicated, and it can
be considered as a combination of both cold and hot working. From metalworking
viewpoint, Mishra et al. [112] pointed out that these mechanisms occurred during FSW
in the NZ as a result of both static recovery (SR) - static recrystallisation (SRC), which
happens in cold working and dynamic recovery (DR) - continuous (geometric) dynamic
recrystallisation (CDR), which is associated with hot working. Figure 4-54 illustrated the
relationship between temperatures/strain and time with three zones to be identified based
on thermal cycle and strain. The regions A and C experience only thermal cycle when the
tool is plunging and removing from the workpiece, respectively, and it is exposed to SR
- SRC. While, region B is the period when the tool traverses along the weld joint, which

experiences thermal cycle and plastic deformation leading to dominated DR and CDR.

A < —>
B _ S Strain
Temperature

> €

Temperature /Strain

\s-__-____
A N N

Time
Figure 4-54 Schematic variation of temperature and strain in the NZ of friction stir process
[112]

Thus, it is believed that the refinement of the grain in the NZ can be related to the

DR and CDR process, which occurs during severe plastic deformation at elevated
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temperature. The stages of the development of microstructure continuously and
uniformly are; DR by subgrain (low angle boundaries) growth without nucleation and
growth stages, CDR, and grain growth. These processes are essential in FSW, as they
lower the flow stress of the material, so enabling it to be deformed more efficiently and
to influence the grain size and texture. The microstructure of the BMs showed a variation
in the grain size with a mixture of HAGBs (high surface energy) and low energy
substructure network LAGBs (subgrains). This can be related to the fact that when the
polycrystalline metal deformed a large number of LAGBs are formed, as the LAGBs
consist of arrays of edge dislocations [116]. On the other hand, during FSW, the NZ
microstructure showed fine equiaxed recrystallised grains with more homogenous grain
distribution and a high fraction of HAGBs replacing the original grain and subgrain
boundaries.

The mechanism of the evolution of microstructure in the NZ by DR and CDR can be
explained by the hot working process at large strain deformation viewpoint as follow:
The deformation process associated with FSW introduces a large number of dislocations.
The dislocation climb, cross-slip, and glide occur quickly at high temperatures in metals
of high stacking fault energy (SFE) such as aluminium (around 170 mJm), which is the
mechanism of DR process. This process is rapid and extensive and results in the
formation of more organised dislocations arrangement (LAGBSs), and subgrain aligned
on the plane of high shear stress and contain a significant number of dislocations which
are not associated with the LAGBs. As the evolution of microstructure at an elevated
temperature where the deformation and softening processes occur depends on the

deformation temperature, strain rate, and strain. Thus, the subgrain size is a function of
the Zenner-Hollomon parameter Z = & exp(s—T) in which &, T, and Q denoting the strain
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rate, temperature, and activation energy, respectively. The developed grain boundary
during DR contains serrations with a wavelength nearly equal to the subgrain size resulted
from the local migration of the grain boundary (as shown schematically in hot rolling
Figure 4-55). CDR process then occurs as the increasing of applied strain resulting in
more flattening in the original grain without a significant change in the serrations
wavelength, and dislocations are continuously introduced to the subgrains by further
deformation. As the subgrain size is almost independent of the strain during deformation
at high temperature, instead the subgrains rotate as they accommodate more dislocations
into their boundaries, forming fine equiaxed grains having a size comparable to the
subgrain with HAGBs evolve from the interpenetration among the scalloped boundaries,
followed by dynamic grain growth [122, 136, 137]. Based on the above discussions this
can give an explanation of the formation of fine equiaxed grain dominated by HAGBs in

the NZ of welded joints.

>

Figure 4-55 Continuous dynamic recrystallisation. As deformation progresses, the serrated
HAGB:S (thick lines) become closer, although the subgrain size remains approximately constant
[136]

4.5.2.3 Influence of thermal history on the strengthening precipitate

The changes in the shape, density and distribution of strengthening precipitates
occurred in the FSZ, which are strongly influenced by the thermal hysteresis during FSW
[134]. Ageing precipitation strengthening is the key strengthening mechanisms in Al-Mg-

Si alloy, and it is accepted that the precipitation sequence was as follows: a (ssss) —
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GP zones - ﬁ (needle shaped) — B (lath shaped) — B (Mg,Si + Si),where SSSS

is supersaturated solid solution [138, 139]. ﬁ (MgsSie) phase is the main source of
strengthening, as it is a semi coherent interface with the aluminium matrix, which is more

effective for dislocation pinning [109, 140]. As shown in Figure 4-6 (c-d), the fine needle
shaped ﬁ primary strengthening precipitates were detected in the BM. A complete

decomposition process of ﬁ phase to 8 (MgsSis) occurred in the HAZ (see Figure 4-17
(b-c)), as the temperature in the HAZ above the decomposition temperature of about 250
°C [139]. On the other hand, the dissolution and re-precipitation process is more likely to
happen within the grains in the NZ and form both phases, as the maximum temperature
in the NZ was ranging from around 442 to 605° C (as discussed in sections 4.2.14.3.1),
which is above the solvus line and below the eutectic temperature of the BM that lead to
form SSSS. Thus, the fraction of fine or /and coarse precipitates are formed based on the

exposure at high temperature and cooling rate.
4.6 Summary

The chapter provides a detailed evaluation of the effect of two key FSW parameters,
namely the tool rotation speed, and tool traverse speed and their interaction on the thermal
histories and metallurgical characterisations in the FSW of AA 6082, AMC, and SAMC
alloys. Experimental testing was used in order to evaluate the significance of each
parameter on the fabricated joints. The evaluating processes have been done by an optical
microscope, SEM, EBSD, TEM, and EDS. Furthermore, this chapter highlighted the
welds microstructure differences among the investigated alloys.

The results showed that the tool rotation speed has a more significant effect on the

generated peak temperature, while the tool traverse speed controls the exposure time and
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subsequent cooling rate. From the evaluation of cross-weld macrostructure and surface
morphology of welded joints, it can be concluded that the combination of FSW
parameters has a significant effect on the stirring process and the flow of softened
material in the NZ, which resultantly influences the joint soundness and the quality of the
FSW joints. The use of higher weld pitch leads to increase the tendency of formations
tunnel defects, cavity, and incomplete penetration in the FSW joints, as a result of
insufficient plastic flow and mixing time and improper heat input.

The initial BMs microstructure showed inhomogeneous grain structure with a
mixture of HAGBs and LAGBs. On the other hand, the different zones of the weld exhibit
very different microstructure, and it is significantly affected by frictional heat and plastic
flow. The microstructure of NZ exhibits an elliptical shape, and fine equiaxed grains
resulted from the CDR process with an increase in the fraction of HAGBs. Also, the NZ
microstructure of all studied joints showed the formation of the onion ring structure. In
AA 6082 and AMC this structure consists of alternating layers of different grain size.
Meanwhile, in SAMC, it is consist of alternating layers of aluminium alloy and core
AMC.

The TMAZ consists of rotated elongated grains inclined by around 45°, which is
resulted from severe plastic deformation. In conclusion, the macrostructure and
microstructure of FSW joints and in particular the NZ is dependent mainly on the welding
parameters, which affect the flow of softened materials, recrystallisation and grain

growth, and strengthening precipitates.

Page | 144



Chapter 5  Mechanical characterisations and
residual stresses of AA 6082, AMC, and SAMC FSW

joints

5.1 Introduction

The complex microstructural evolution during FSW is expected to result in various
mechanical properties. This chapter aims to determine the influence of the evolved
microstructure on the mechanical behaviour of AA 6082, AMC, and SAMC FSW joints.
The mechanical testing results for all studied materials cover the microhardness, tensile,
and low cycle fatigue (LCF) that includes the evolution of the maximum and minimum
stress per cycle, and the stress versus mechanical strain hysteresis loops. This allows a
detailed evaluation of the influence of local microstructure in the NZ on the strength and
ductility of joints and its implication on the LCF performance. Finally, the residual

stresses induced in FSW joints during the welding process are also studied.
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5.2 Microhardness distribution

To evaluate the effect of the FSW parameters on the hardening or softening of the
welded joints, Vickers microhardness test has been done. The hardness distribution was
obtained by taking the average measurement of three readings. The distance between
successive indentations was 1 mm along the cross-section of the FSW joints at the mid-
length of the welding line.

5.2.1 Microhardness distribution in AA 6082 FSW joints

To correlate among thermal history, microstructure, and microhardness development,
the distribution of hardness at the cross-weld, alongside the measured temperatures for
joints welded at maximum and minimum values of tool rotation (800 and 1800 rpm) and
traverse (20 and 200 mm/min) speeds (corners of the welding matrix W1, W5, W16, and
W20 (see Table 3-3)) are presented in Figure 5-1.

In comparison to the BM’s hardness (120 Hv), which is consist of elongated grain
and fine needle precipitate, the NZ hardness dropped significantly regardless of welding
parameters. Meanwhile, the hardness of transition zones varied between those of the BM
and NZ. Figure 5-1(a) compares between the hardness profiles of samples welded at the
lowest tool rotation speed of 800 rpm with different tool traverse speed of 20 and 200
mm/min. It can be seen that the hardness profile for both welds exhibits a VV-shape, i.e.,
the minimum hardness value recorded in the middle of NZ. At lower traverse speed (20
mm/min), the hardness drops progressively before reaching a minimum of about 45Hv in
the NZ. As the traverse speed is increased to 200 mm/min, the minimum hardness
increases to nearly 60Hv, without significant change in the width of the TMAZ and HAZ.
This indicates that the temperature within the welding zone was high enough (around

450° C) to allow for complete dissolution of strengthening precipitates (E) in the case of
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low tool rotation speed (20 mm/min). At high traverse speed (200 mm/min), the welding
zone is exposed to less exposure time at high temperature, which leads to the coarsening
of strengthening precipitate and transformed completely to () as shown in the inset TEM
images. In addition, the formation of fine grain structure at higher traverse speed
contributes to the increase of the hardness.

When the tool rotation speed increases to 1800 rpm, the hardness distribution is more
complicated and changed to W-shape with the wider softened region as shown in
Figure 5-1(b), which is consistent with the increase of the induced temperature. As the
tool traverse speed increased, higher hardness with a narrower softened region was

obtained. This indicates that the generated heat (ranging from 580 to 593°C) in the FSZ

was sufficient to cause dissolution/re-precipitation effect and precipitate both ,8 ,and B,
as shown in the inset TEM images, in addition to grain refinemnt, which accordingly

resulted in the observed increase in the hardness.
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Figure 5-1 Cross-weld microhardness profile of AA 6082 FSW joints with the measured
temperature and microstructure at different tool rotation speed; (a) 800 rpm, and (b) 1800 rpm

5.2.2 Microhardness distribution in AMC FSW joints

Figure 5-2 presents the distributions of hardness along the mid-thickness of the AMC
cross-weld joints welded at tool rotation speed of 1500, and 2100 rpm with traverse speed
of 25 and 100 mm/min (corners of welding matrix W1, W3, W7, and W9 (Table 3-4)).
The hardness profile exhibit symmetric distribution with a typical “W” shape for all
joints, like to that seen in AA 6082 as discussed in the previous section and same as
reported by Wang et al. [58] and Ni et al. [70] in AA 2009/SiC FSW joints. Regardless
of the welding parameters, a softening process occurred in the welding zone, and the
hardness value of the as-received BM was much higher than that of the welding zone of
around 150 HV. For the joints fabricated at the lowest traverse speed of 25 mm/min, a

wider TMAZ and HAZ were formed with the increase of tool rotation speed from 1500
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to 2100 rpm (Figure 5-2 (a)), associated with a higher peak temperature and exposure
time. However, the hardness value in the NZ was nearly same and ranging from 95 to
110 HV. As the traverse speed increased to 100 mm/min (Figure 5-2 (b)), the average
hardness of the NZ increased by about 20 HV combined by a reduction in the TMAZ and
HAZ. Furthermore, the width of the high hardness zone in the joints fabricated at a
traverse speed of 100 mm/min was larger than that of the joints welded at 25 mm/min. It
is believed that this variation in the hardness of welded joints is a result of the difference

of microstructures characterisations, which are controlled by welding parameters [141].
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Figure 5-2 Cross-weld microhardness profiles of AMC at a traverse speed of; (a) 25 mm/min,
(b) 100 mm/min
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5.2.3 Microhardness distribution in SAMC FSW joints

The hardness profiles of SAMC welded joints fabricated by using tool rotation speed
of 1500, and 2100 rpm with traverse speed of 25 and 100 mm/min (corners of welding
matrix W1, W3, W7, and W9 (Table 3-4)) are illustrated in Figure 5-3 (a and b). As
indicated in the figures, unlike the results of the hardness obtained from AA 6082 and
AMC welded specimens. The NZ hardness is observed approximately similar to that of
the base material (around 120 Hv) regardless of welding parameters. A similar trend has
been reported by Oztoprak et al. [142] in FSW of AA 6061/SiC/20p-T1. Also, the
hardness distribution in the FSZ is nearly symmetric concerning the tool rotation axis,
and there is little scatter, which can be attributed to the presence of varied size of SiC
nanoparticles within measuring points. However, the obtained profiles are associated
with both the microstructure evolution of the material and the dispersion of the particles.
It can be seen that in the transition zone from the base metal to the stirring zone (the
flowing arm), the hardness variation was more drastic, and it is dropped to around 30 Hv,

as shown in Figure 5-3 (b), due to the appearance of the softer aluminium layer.

Page | 150



5. Mechanical characterisations and residual stresses of AA 6082, AMC, and SAMC FSW joints

1e0{(@) | 1
—
1404
3
7 1201
=
5 100
[7s]
g
S 80
(]
T 504
40+ —=— W1 1500/25
—&— W7 2100/25
20 T T L L] L) L L T T
25 20 15 -0 5 o 5 10 15 20 25
Distance from weld center, (mm)
1604{(b) | |
1404
E
7 120
=
L 1004
w
2
£ 804
T L
T 60 s T
40 l l —=— W3 1500/100
—e— W9 2100/100
20 T T T T T T T T T

25 20 15 10 -5 O 5 10 15 20 25
Distance from weld center, (mm)

Figure 5-3 Cross-weld microhardness profiles of SAMC at a traverse speed of; (a) 25 mm/min,

(b) 100 mm/min

5.3 Monotonic tensile properties

5.3.1 Tensile properties of AA 6082 FSW joints

The cross-weld samples (W1-W20) underwent tensile tests at room temperature to
examine the mechanical response according to the variations in FSW parameters; their
engineering stress-strain curves are shown in Figure 5-4 (a-d), together with those of the
as-received BM, and the weld line of W12 joint (W12-WL). Furthermore, for more
guantitative analysis of the test results the ultimate tensile strength (UTS), yield stress

(YS), and fracture elongation (El) are presented in Figure 5-5. The as-received BM
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exhibited a tensile strength of about 318 MPa with a high total elongation to failure of
around 17%. On the other hand, the cross-weld specimens exhibit lower tensile strength
and ductility than the BM, and they vary with the FSW parameters due to their variation
in the evolved microstructure. Also, it is observed that at constant tool rotation speed the
flow stress increases gradually with the increases of traverse speed, which means that the
amount of strain-hardening is dependent on the tool traverse speed (for example
Figure 5-4 (d)). This hardening effect is combined by a reduction in the elongation
specifically at lower tool rotation speed (800, 1100, and 1500) owing to the reduction in
heat input per unit length of the weld and insufficient stirring time. This leads to
inappropriate stirring in the NZ and forms volumetric defects, and incomplete penetration
(as presented in Figure 4-9). The joint efficiency of cross-weld sample ranges from 40 to
71 % with a reduction in the elongation ranging from around 38 to 72 %. However,
comparing to the tensile properties of AA 6082-T6 welded by fusion welding [79, 95],
the FSW joints in this work shows a higher improvement in the tensile properties
remarkably in the percentage of elongation to failure. Under most welding conditions,
the cross-weld FSW samples exhibited shear fracture mode occurred mostly in the HAZ
(AS). By comparison, the weld line sample (W12-WL) with the cross-weld samples
exhibits a moderate strength (60 % joint efficiency) and higher ductility nearly the same
as the BM (95%). Surprisingly, the cross-weld samples show the formation of the step-
like discontinuities in stress (serration) “jerky flow phenomenon”. This phenomenon is
less pronounced at higher traverse speed, and it is not pronounced in the BM, and WL-

W12 samples (smooth curve).
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5.3.2 Tensile properties of AMC FSW joints

Figure 5-6 (a) shows the stress-strain curves of the BM, cross-weld (W1-W9)
[welding matrix Table 3-4], and longitudinal weld (WL3). Their UTS, YS, and El are
compared in the bar graph (Figure 5-6 (b)). According to the results, the as-received AMC
shows a tensile strength of 419 MPa with a total elongation to failure of around 2.8%. In
contrast, the cross-weld samples exhibit a higher ductility reached to around 6%
(increasing 112%) with a drop in the tensile strength (joint efficiency ranging from about
52 to 75 %) as compared with BM. The reduction in tensile strength of AMC (AA
6061/Al,03) FSW joints was also reported by Cavaliere et al. [43]. Furthermore, the
stress-strain curve related to BM shows continuous yielding, while most of the welded
samples exhibit a distinct yielding serration “jerky flow” phenomenon and similar
findings have been reported by Mahmoudiniya et al. [143] and Pathak et al. [144].
Judging from Figure 5-6 (b), the mechanical properties of FSW joints are affected
significantly by the welding parameters. It is shown that the joint fabricated at lowest
heat input (W3) showing a higher strength (joint efficiency reaches about 75 %) with the
adequate elongation of around 5 %. On the other hand, the joint welded at highest heat
input and lower cooling rate (W7) shows a lowest joint strength (joint efficiency of about
52 %) with a severe drop in the elongation. Remarkably, the longitudinal welded samples
(WL3) shows smooth curve characterised by a moderate combination between strength
and elongation of about 361 MPa (86 % joint efficiency), and 8.5 % (201% increase in
elongation) than the BM, respectively. The location of the fracture in the typically tested
samples is shown in Figure 5-6 (¢ and d). Under most welding conditions, the FSW joints
exhibited shear fracture mode occurred in the HAZ (AS) (see Figure 5-6 (c)) oriented at

an angle of about 45°, same as AA 6082 and as also reported by Moreira et al. [145],
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because of the loss of strength in this area as observed in the microhardness
measurements. The DIC image shows the local strain concentration before fracture,
which indicates the fracture location. However, in W8 FSW joints fracture occurred in
the stirring zone (see Figure 5-6 (d)), which can be related to macro defects on the top
surface of the joint (as presented in Figure 4-26). This is confirmed by the DIC image, as
it can be seen that there is no strain concentration in the welded joints and the fracture

happened in the middle of NZ.
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Figure 5-6 Tensile properties of AMC including BM, cross-weld under different welding
conditions (w1-W9), and longitudinal weld (WL3); (a) Stress-strain curves, (b) Bar graphs
representing strength and elongation, and (c and d) Fracture locations and DIC images of
typical samples
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5.3.3 Tensile properties of SAMC FSW joints

Figure 5-7 (a) shows the engineering stress versus engineering strain curves of the
SAMC in the as-received condition (composite with two aluminium layers), BM without
two aluminium layers, and cross-weld (W1-W9) FSW joints graphically. Their tensile
strength and elongation to fracture are presented in Figure 5-7 (b). The UTS of the as-
received BM was obtained to be 288 MPa, with a total elongation to failure of around
8.5. By removing the top and bottom surface layers of aluminium alloy by grinding
(sample labelled BM without surfaces), and keeping just the core part (composite
aluminium), the UTS increase to around 344 MPa, with drop in the elongation to about
6.5 %, which shows a significant effect of soft aluminium layers on the strength of the
base metal. Regarding the FSW joints, it is seen that after welding both the strength and
elongation reduced, and the position of most of the tensile curves are between the as-
received BM and BM-without surfaces, as a result of mixing core composite with
aluminium layers during the welding process. The joint efficiency the FSW joints varied
approximately from 63% to 108% than that of the as-received BM. On the other hand,
the elongations were relatively low compared to the as-received BM, ranging from
approximately 0.7 to 2%. Welds W5, W6 and W9 show a substantial difference in trends
for tensile strength along the cross-welds to the rest of the specimens. They show a
decrease in tensile strength, and in particular W6, and W9, show an increase in the slope
of tensile curves. This is contrary to the behaviour shown by the other welds, which can
be related to the flow arms resulted from improper mixing process between the core and

surface of the metal.
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5.4 Low cycle fatigue properties of FSW joints

The fatigue properties of the BMs and cross-weld FSW joints were studied through
full tension and compression testing under ambient conditions to assess the effect of
welding parameters on the fatigue performance. The fatigue loading was applied in a
direction perpendicular to the weld line with a constant strain amplitude and a strain ratio

of R =-1. The strain amplitudes range is chosen based on the number of cycles to failure,

Page | 157



5. Mechanical characterisations and residual stresses of AA 6082, AMC, and SAMC FSW joints

I.e. the failure occurs at a number of cycles less than 10000 cycles. Therefore, for each
studied materials, some samples have been examined at extra strain amplitudes to identify
the test window as presented later. Firstly, for aluminium alloy AA 6082 FSW joints
subset of original welding matrix highlighted in red as shown in Table 5-1 has been
chosen for the assessment of fatigue behaviour. This subset is chosen based on the
macrostructure characterisation of FSW joints, i.e. for the samples free defects. The test
has been done at different strain amplitudes ranging from 0.35 to 0.8% for the BM and
from 0.4 to 0.7% for FSW joints. Also, one FSW joint (W7) has been examined with an
extra strain rate of 0.35%. Secondly, for AMC, the test has been done at strain amplitudes
ranging from 0.3 to 0.7% for the BM and from 0.3 to 0.5% for all FSW joints. Also, two
FSW joints (W2, and W6) has been examined with an extra strain rate of 0.6 and 0.2%,
respectively. Thirdly, for SAMC, the strain amplitudes ranging from 0.2 to 0.5% for the
BM and from 0.2 to 04% for all FSW joints. Also, three FSW joints (W2, W5 and W8)

have been examined with an extra strain rate of 0.5%.

Table 5-1 Fatigue matrix of AA 6082

Tool rotation speed (rpm)

800 1100 1500 1800

20 W1 W6 Wil W16

Tool 40 W2 W7 W12 W17

traverse 75 W3 W8 W13 W18
speed

(mm/min) 125 e W9 W14 W19

200 W5 W10 W15 W20
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5.4.1 Fatigue life of FSW joints

The total strain amplitudes (A.;/2) as a function of the fatigue life (i.e., the number
of cycle to failure, Nf) of the BM and FSW joints of AA 6082, AMC, and SAMC are
plotted in Figure 5-8, Figure 5-9 and Figure 5-10, respectively. As seen from the figures,
the general trend is consistent with general expectations. The shortest fatigue life is
observed for most heavily deformed specimen at the largest plastic strain amplitude. In
addition, the FSW specimens reveal lower fatigue lives than the BMs at the same total
strain amplitudes. However, the results witnessed that there is a specific trend related to

the fatigue behavioure of each material, which is discussed in details in the following

paragraphs.
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Figure 5-8 Total strain amplitude versus fatigue life of AA 6082 for BM and FSW joints
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As seen from Figure 5-8, the results of AA 6082 witnessed that, at lower strain
amplitude the difference in the number of cycles to failure is small, and the fatigue life
shows an apparent convergence in the BM and the welded joints. A similar trend has been
reported by Feng et al. [139] in strain-control fatigue test of AA 6061, as well as, by Sano
et al. [146] and Zhou et al. [147] in stress-controlled fatigue tests of AA 6061 and AA
5056 aluminium alloy FSW joints, respectively. This behaviour can be attributed to the
softening of the welding zone resulted from the deterioration of strengthening
precipitates, as well as, to the low ductility of the FSW in comparison to the BM [146].
At high plastic strains amplitude, the cyclic ductility of the material limits the amount of
induced plastic strain, and thus, the number of cycles that can be generated before
fracture. Also, it is seen that the fatigue life of FSW joints depends strongly on the
welding parameter and subsequently on the evolved microstructure. The reduction in the
fatigue life was more evident on the joints fabricated by using the highest tool rotation
speed of 1800 rpm, as a result of large grain size (as presented in Chapter Four).

On the other hand, significant enhancements of LCF properties were achieved in the
joints welded at lower tool rotation speed, for example, W7, even so at high strain
amplitude (0.7%). This can be related to the formation of fine equiaxed grain dominated
by a high fraction of HAGBs. This indicated that the combination of tool rotation speed
of 1100 rpm with a traverse speed of 40 mm/min resulted in optimal joints performance.

Regarding the AMC (Figure 5-9), the results witnessed completely different trend
than that of AA 6082, i.e. at high strain amplitude, the fatigue life show an apparent
convergence in the BM and the welded joints. A similar trend has also been reported by
Ceschini et al. [44] in FSW of AA 6061 composite reinforced with Al,Os. This behaviour

can be attributed to the lower ductility of the composite metal. Also, this behaviour is
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consistent with the general concept of the fatigue behaviour of AMC, as the improvement
of the fatigue life of AMC is most pronounced in the high cycle fatigue (HCF) regime
than in low cycle fatigue (LCF) as a result of ductility exhaustion [148-150]. The
reduction in the fatigue life was more evident on the joints fabricated by using tool
rotation speed of 1800 and 2100 rpm.

On the other hand, significant enhancements of LCF property are achieved in the W1,
and W2 even so at high strain amplitude (0.5%). This distinctive LCF performance is due
to the fact that the formation of very fine equiaxed grains dominated by HAGBs in the
NZ combined with a high fraction of ultra-fine reinforcement particles can restrict the
movement of dislocations most effectively [151]. This showed that the optimal joints
performance could be achieved when the tool rotation speed of 1500 rpm is used with a
traverse speed of 25, and 50 mm/min.

The fatigue life of SAMC FSW joints is presented in Figure 5-10. The results
witnessed an entirely different trend than that of AA 6082 and AMC with more
complexity. The fatigue life shows no convergence either at low strain amplitude or high
strain amplitude between the BM and most of FSW joints. However, the W1, W4, and
W8 FSW joints show some convergence with the base metal at lower strain amplitude.
These different behaviours can be related to the microstructure of welded joint as it is
consist of two different materials having different grain size, which can be postulated as
dissimilar FSW joint. This trend is more likely to happen in dissimilar FSW welding, and
it is reported by Rodriguez et al. [152] in FSW of AA 6061 to AA 7050, and Cavaliere
and Cerri [153] in FSW of AA 2024 to AA 7075. The reduction in the fatigue life was
more evident on the W5 (1800-50), W6 (1800-100), and W9 (2100-100) FSW joints. This

can be related to the flow arm of softened aluminium alloy and the big difference between
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the grain size of core composite and aluminium alloy. Based on the results, it can be
concluded that the fatigue performance of SAMC FSW joint is depended significantly on
the mixing process between the core composite and aluminium layers more than the grain
size of the core composite. Because there is no significant difference between the grain
size of the as-received core composite and FSW joint. Therefore, fatigue performance
can be improved if there is less mixing between the core and surfaces.
5.4.2 Cyclic deformation response and hysteresis loop of the base materials and
FSW joints

The low cycle fatigue tests were performed with a constant cyclic strain amplitude,
as mentioned earlier. One aspect of stress-strain history is the evolution of the maximum
and minimum stresses recorded during the LCF tests. This is done by plotting the
maximum and minimum tensile and compressive peak stresses respectively from the
hysteresis loops against the respective number of cycles. The evolutions of stress over a
range of total strain amplitudes for the as-received base metals of AA 6082, AMC, and
SAMC with a typical FSW joint for each material are presented in Figure 5-11,
Figure 5-12, and Figure 5-13, respectively. The response of all FSW joints including the

photographic images of the tested samples is found in Appendix B, C, and D.
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A similar trend has been observed for the evolution of the stress with the number of
cycles of the as-received and FSW joints of AA 6082 (Figure 5-11) and AMC
(Figure 5-12). Several features can be observed from these figures. Firstly, in the as-
received AA 6082, the increases in stress are more pronounced when the strain amplitude
increase from 0.35 to 0.7%, while there is no significant change when the strain amplitude
increases to 0.8%. In contrast, in the as-received AMC, the increases of stress is
pronounced when the strain amplitude increase from 0.3 to 0.7%, and it is higher than the
AA 6082 at a given strain amplitude. Secondly, in the as-received AA 6082, it can be
seen that a pronounced cyclic hardening effect was observed at strain amplitudes of 0.7
and 0.8, whereas at lower strain amplitudes the cyclic hardening particularly pronounced
on the early stage of cycling followed by the saturated state. For both behaviours, the
material is softened rapidly before failure.

On the other hand, the evolution of the stress in the as-received AMC with the
number of cycles was found to rise slightly to a short period of rapid cycling hardening
followed by stabilising with low plastic deformation then sudden fracture. Thirdly, as the
total strain amplitude increases, the stress increases and fatigue life decreases for both
base metals and FSW joints. Fourthly, the stress evolution of the BMs is higher than the
FSW joints for a given strain amplitude. Fifthly, the evolution of the stress with the
number of cycles in FSW joints was found to be different from that encountered at the
BMs. For all FSW joints test results, the cyclic hardening was more evident through the
entire test regardless of strain amplitudes. It starts with an initial stress hardening and
then gradually reaches the maximum level that is followed by a rapid drop in stress

amplitudes due to the degradation of hysterics curves caused by the crack expansion.
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Sixthly, the cyclic hardening in BMs and FSW joints was isotropic, and it is amount
higher at the higher strain-amplitudes and resultant short fatigue life.

Regarding the cyclic deformation response of the as-received and FSW joint of
SAMC (Figure 5-13), it is found that the cyclic deformation is entirely different from that
of AA 60282, and AMC. It can be seen that the stress for the BM remains almost
constant, ranging from 180 to 250 MPa, under the strain-controlled fatigue cycling at the
strain amplitudes ranging from 0.2% and 0.5% respectively. On the other hand, a very
slight cyclic hardening is seen in the FSW at the same strain amplitude. Also, there is no
significant difference in the initial stress between the BM and FSW joints under specific
total strain amplitudes.

Based on these observations, it is evident that in AA 6082 and AMC the FSW resulted in
much stronger cyclic hardening, while a decrease in the initial cyclic stress and an
increase in the initial plastic strain amplitude happened after the FSW, regardless of the
change in the total strain amplitudes. On the other hand, in SAMC, there is no significant
effect of FSW on the cyclic hardening. These observations are supported by Figure 5-14,
Figure 5-15, and Figure 5-16, where the typical stress-strain hysteresis loops of the first,
mid-life, and last cycles at a given strain amplitude for the AA 6082, AMC, and SAMC
are shown, respectively, including the as-received BM and typical FSW joint. By
comparison of these figures, several features can be pointed out. As can be seen in these
figures, the stress-strain hysteresis loops of all studied materials in the as-received
condition are shown nearly constant and symmetrical area during the specimen life, which
is in agreement with cyclic deformation properties. Similar symmetrical behaviour was
reported by Hamada et al. [154] and Ceschini et al. [44]. Because the elastic strain

predominantly controls the entire fatigue life at the studied strain amplitudes under
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5. Mechanical characterisations and residual stresses of AA 6082, AMC, and SAMC FSW joints

consideration, the hysteresis loops obtained here are therefore constant in the whole
fatigue process, i.e., the tensile stress is necessarily the same as the compressive stress at
each cycle [154].

On the other hand, there is a significant change in the loop area in the case of AA 6082
(Figure 5-14) and AMC (Figure 5-15) FSW joints under all studied strain amplitude. The
maximum/minimum peak stress becomes higher through the test, which means an
increase in strain hardening and it corresponds well to the cyclic deformation
characteristics. Furthermore, the shape of hysteresis loops changed from fusiform to
similarly rectangular gradually by increasing the applied strain, and for a given total
strain, the amount of plastic strain is much higher for the FSW joints than for the BM,
and this is in agreement with its lower fatigue life. Meanwhile, the hysteresis loop area
of the SAMC FSW joint was nearly constant during the specimen life, and this is
consistent with the cyclic deformation behaviour. Furthermore, under all test conditions,
the cyclic behaviour for all of the BMs and FSW joints is exhibited nearly symmetrical
hysteresis loops at both the outset and mid-life, representing an isotropic cyclic hardening

response.
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Figure 5-14 Hysteresis loops of the as-received AA 6082 and typical FSW joint (W7) at
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5.4.3 Cyclic stress-strain curves

When a metal or alloy is subjected to cyclic loading through a constant strain
amplitude, large changes normally occur in its flow stress; depending on the metal and
its processing history, softening or hardening may occur. During fatigue, the cycled metal
exhibits a steady state behaviour, stress and strain amplitudes have reached their saturated
value. The relation between the saturated stress and strain amplitudes is called the cyclic
stress-strain curve. This curve can be determined from a set of stabilised hysteresis loops
obtained by loading material at different strain levels plotted in one graph, then tracing
the locus of the tips of the extremities of the stable stress-strain loops for different applied
strain range [152, 155] as shown typically in Figure 5-17. The cyclic stress-strain curve
is one of the most important quantitive fatigue characteristics of a material. Its importance
in cyclic loading is the same as the that of the monotonic stress-strain curve in monotonic
loading [156]. Two approaches for establishing cyclic stress-strain curves have been
employed in this work; saturated hysteresis loops are used for generating a cyclic stress-
strain curve of the BMs and SAMC FSW joints. Meanwhile, in the case of AA 6082 and
AMC FSW joints as the saturation state of hardening are not exhibited, half of fatigue
life cycle was used as a saturated cycle [157].

The comparison between the monotonic and cyclic stress-strain response for AA
6082, AMC, and SAMC in the as-received BM and FSW joints under different welding
conditions are presented in Figure 5-18, Figure 5-19, and Figure 5-20, respectively. As
can be seen in these figures, the cyclic strain hardening was much faster and stronger than
the monotonic strain hardening in both BM and friction-stir-welded joints. Also, the
cyclic strain hardening after FSW became much more pronounced. This corresponded

well to the cyclic hardening characteristics shown in the previous section. For example,
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in the as-received AA 6082 (Figure 5-18 (a)), the BM exhibit cyclic hardening; as the
applied strain amplitude increases, the stabilised stress amplitude rises to around 340
MPa, which is higher than the UTS reached in monotonic tensile tests (318 MPa). Also,
it is seen that the cyclic hardening behaviour of FSW joints increased with increasing
traverse speed and the effect of the tool rotation speed on this behaviour was relatively

small (Figure 5-18 (b-d)).
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Figure 5-17 Typical saturated hysteresis loops at different total strain amplitude for AMC FSW
joint fabricated at 1800 rpm and 100 mm/min (W) joints
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Figure 5-18 Comparison of cyclic and monotonic stress-strain curves for AA 6082; (a) As-
received BM, and (c-d) FSW joints at 1100, 1500, and 1800 rpm, respectively
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Figure 5-19 Comparison of cyclic and monotonic stress-strain curves for AMC; (a) As-received
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Figure 5-20 Comparison of cyclic and monotonic stress-strain curves for SAMC; (a) As-
received BM, and (c-d) FSW joints at 1500, 1800, and 2100 rpm, respectively

5.5 Residual stresses

The longitudinal (L) (left) and transverse (T) (right) residual stress profiles at the
mid-length of FSW joints, as obtained by neutron diffraction techniques at ISIS (ENGIN-
X), for AA 6082, AMC, and SAMC FSW joints under different welding conditions are
shown in Figure 5-21(a-c). The residual stress measurement indicated that compressive
residual stress existed in the BM then reversing in sign to form tensile residual stress in
the welding zone, i.e. NZ, TMAZ, and HAZ. Overall, the residual stresses exhibited a
typical ‘“M’’ profile, namely the HAZ showed the highest residual stress whereas the
centre of the joint showed lower residual stress. This form of the profile is in agreement
with the previous studies observed in FSW joints of aluminium alloys [158-164].
According to Xu et al. [161], this profile can be related to the tool action which strains

and heats the material. When the cooling starts, the surrounding material without
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softening does not allow the plastic material to recover the strains. Therefore, the
compressive residual stress and tensile residual stress present in the base metal and
welding zone, respectively. In addition, Peel et al. [165] claim the reduction in the
residual stress in the centre of FSW joints around the pin position to the high temperatures
associated with this region, which would limit the capacity of the material to support the
generated load. Also, they demonstrated that the largest residual stresses are expected
parallel to the welding direction and close to the weld zone. From the figure, it can be
found that the longitudinal residual stress is higher than the transverse residual stress for
all studied material. Although the residual stress maximum occurs in the retreating side
(RS) for some cases, the distribution is quite symmetric. For aluminium alloy (AA 6082)
FSW joint (Figure 5-21 (a)), the compressive stress (around 110 MPa) is higher than the
tensile stress (about 60 MPa), which can be related to the clamping process and low
amount of heat input as the joint fabricated at lowest tool rotation speed of 800 rpm. Also,
it can be found that there is less difference in the residual stresses between the centre and
edge of the weld, i.e. higher stress concentration. As this joint contains a volumetric
defect in the centre of the weld, a higher stress concentration in the weld increases the
resistance force to the dislocation motion, which weakens the stress relaxation and leads
to the increase of residual stress. Therefore, the other zone makes an appropriate response
to hold the whole stress equilibrium [161].

On the other hand, the AMC and SAMC (Figure 5-21 (b and c) showed an opposite
trend; i.e. the tensile stress is dominated the welding joint and reached to around 110
MPa, which can be related to the higher heat input as both materials welded at a tool
rotation speed of 1800 rpm. In addition, the existence of reinforcement particles (SiC) in

composite aluminium leads to induce residual stresses as a result of a thermal mismatch
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between the particles and base matrix due to the large difference in the coefficient of
thermal expansion between them. Furthermore, the figure showed that the residual stress
increases with the increase of traverse speed combined by a wider stress profile at a
constant tool rotation speed in the case of AMC and SAMC. This result is consistent with
other studies conducted by Lombard et al. [163], Xu et al. [161] and peel et al. [165].
This behaviour can be explained based on the concept of FSW and thermal history during
the welding process. As explained in the previous chapter that the tool rotation speed
controls the amount of heat input and the degree of plastic deformation in the welded
joint, while the traverse speed controls the heat input per unit length of the weld joint and
cooling rate. With the higher heat input per unit length, i.e. lower traverse speed, the
material further away from the weld line is heated up, which is resulting in an increase in
the width of the high-temperature zone around the tool and a decrease in the gradient of
temperature (slow cooling rate). This leads to reducing the thermal expansion mismatch
upon cooling, which results in the decreases of residual stress with the decrease of

traverse speed.
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5.6 Analysis and discussion of results

The strengthening mechanisms in FSW joints of aluminium alloy and composite
aluminium are so complicated as there is a significant gradient in the microstructure of
cross-weld from the BM through the TZ to the NZ in term of evolved grain size and
strengthening precipitate, as well as the appearance of reinforcement particles.

Two main approaches are considered to study the strengthening mechanisms, which
are based on continuum mechanics (direct) and micromechanics (indirect) [166, 167].
The former mechanisms depend on the reinforcement particles in AMCs, a significant
amount of stress is initially borne by the higher stiffness particles when the stress
transferred from the base matrix to the reinforcement particles across the matrix/particle
interface. Meanwhile, the latter mechanism is based on the base matrix structure, such as
grain refinement, strengthening precipitate shape, grain boundary, and thermally induced
dislocations. In  composite aluminium, the dislocations generated during
thermomechanical processing near the matrix/particles interface from the thermal
mismatch between the matrix material and reinforcement particles, as the thermal
expansion coefficient of the aluminium matrix is typically much higher than that for the
reinforcement particles [149, 168, 169].

Furthermore, due to the significant difference in the grain size of welded joints,
strengthening due to the gradient of plastic strain with the linear gradient in grain size
(which is the case in FSW joints) is considered another contributing factor, as it takes
into account the size dependence and length scale on the strength. Different grain size or
phase in polycrystalline materials do not deform equally as a result of the restraining
effect of the surrounding grains, significant differences in the elastic modulus and thermal
expansion coefficient between the matrix and the reinforcement particles. The constraint
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leads to stress concentration, triaxial stress state, and steep deformation gradients [12].
According to Ashby model [170], to accommodate the gradients in deformation, gradient
slip occurs on several systems and dislocations are stored in the microstructure, which is
defined as geometrically necessary dislocations (GNDs), and so maintain the continuity
of plastic strain and the boundaries between deforming crystals remain intact (to preserve
lattice compatibility). The effect of microstructure gradient in the cross-weld sample on
the formation of GNDs can be explained from a physical viewpoint. Figure 5-22(a)
presents the gradient in the typical cross-weld microstructure of AMC in the AS of WL1.
In this figure, three significant parallel area (BM, TZ, and NZ) inclined by around 45° to
the loading direction identified precisely and represented schematically in Figure 5-22
(b). This area can be considered as a slip system (SS) which consists of slip direction
(SD) and a slip plane (SP). Thus the applied force (f) can be divided into two components;
normal to SP (tensile (ft)), and parallel to the SP (shear (fs)). Once the shear stress on the
SP in the SD reaches a threshold value called the critical resolved shear stress (zy), slip
starting. The tx can be calculated based on the equation (g = f/A cos® cosA ), where
@ and £ are the angles between the tensile axis normal to the SP and along the SD,
respectively (see Figure 5-22 (b)). Based on this equation the maximum value of the
happens when @ = £ = 45°. Assuming that the sample is rigid (neglecting elastic
displacements) and under non-uniform force, the displacement is achieved by a
combination of plastic slip (PS) on a single SS, and lattice rotation (8). When the applied
force normal to SP (Figure 5-22 (c)) or parallel to SP (Figure 5-22 (d)), the respective
sections are plastically deformed, and the plastic strain increases linearly in the SD,
through the expanding of dislocation loops. The edge dislocations forced back the

sections to remain together. In addition, negative edge dislocations remain at the
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boundary of one cell (GNDs) as a result of incomplete cancellation by the positive
dislocations at the boundary of the neighbouring cell, leading to lattice rotation as shown
in Figure 5-22 (e). The strain concentration in the tensile test (see Figure 5-6 (c)), and
high hardness on the edge of TZ confirm the strengthening mechanism by GNDs. Based
on the above discussions a detail explanation of the effect of metallurgical properties and
strengthening mechanisms on the hardness, tensile and LCF properties of FSW joints are

presented below.

Figure 5-22 (a) Gradient in the grain size of cross-weld sample (W1), (b) Schematic illustration
of the gradient in the grain size, (c) Slip due to the tensile component, (d) Slip due to the shear
component, and (e) Effect of stored GNDs on the final deformation
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5.6.1 Hardness profile of friction stir welded joints

The effect of FSW parameters on the hardness profile of AA 6082, AMC, and SAMC
FSW joints are displayed in Figure 5-1, Figure 5-2, and Figure 5-3, respectively.
According to the figures, the hardness profile of the welding zone is dependent on the
process parameters, and the initial heat treatment condition of the as-received base
materials. For AA 6082, and AMC (both of them in T6 condition), a significant variation
in the cross-weld microhardness was achieved, and the measured hardness value is lower
than the BM. As reported in the other studies, the reduction in hardness is usual in heat-
treatable artificially aged aluminium alloy (6xxx-T6 series) [15, 122, 171].
Microstructural evolution due to thermomechanical effect during FSW, in term of
strengthening precipitate, and grain size can be considered as two mechanisms for
softening in FSW joints. Two important points are worthy of discussion. Firstly, the

apparent softening and gradient in the hardness of the welding zone. This can be

attributed to the decomposition of the fine needle-shaped ﬁ primary strengthening
precipitates existent in the BM and their replacement by coarse precipitate (lathe shape
£ phase), as well as, to the difference in the grain size among the NZ , TMAZ, and BM
as suggested by Moreira et al. [133]. These changes can be related to the variation in the
peak temperature experienced in the different zones as a function of the location from the
center of the weld, which in turn influenced the grain size and precipitate shape and
density. Olea. C.A.W. et al. [172] claim the reduction in the hardness of the TMAZ to
the overaging of strengthening precipitate, as transformed from needles to lath
morphology. Furthermore, according to Gatea S. et al. [173], the hardness of AMC
dropped when heat treated to 415°C (O-condition) as compare to T6-condition, which
was nearly the same as the temperature in the HAZ and TMAZ of FSW joints. They claim
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this is due to the reduction of Si concentration in the matrix/particle interface and
dissolution of Al>Cu (orthorhombic crystal structure) and reprecipitated AlsCuMggSiz
(hexagonal crystal structure).

Secondly, the decrease of tool traverse speed results in the decreasing of FSW joint
hardness with an increase in the width of HAZ and TMAZ, and it is more evident at the
highest tool rotation speed. This is related to the increase of grain size and full
decomposition of strengthening precipitate in the NZ as a result of higher heat input and
exposure time combined by slow cooling rate. Grain size and strengthening precipitate
decisively influence the hardness of the FSW joint. At higher tool traverse speed both
peak temperature and exposure time decrease combined with a higher cooling rate. Hence
this leads to form finer grains and incomplete dissolution of strengthening precipitates in
the welding zone, which subsequently increases the hardness. These findings agreed with
the Hall-Petch equation, i.e. hardness increases as the grain size decreases, and Orowan
hardening mechanism, the homogenous distribution of smaller particles of intermetallic
compounds are beneficial to improve the hardness [56]. This indicated that the thermally
induced cycle during FSW has a significant influence on the hardness profile. Therefore,
the softening process in the HAZ and TMAZ can be attributed to the annealing or
overaging of strengthening precipitate as well as to the evolved grain size.

On the other hand, the most significant recovery in hardness is observed in the NZ,
which can be attributed to the refinement of both the matrix grain and SiC particles and
the generation of dislocations at the matrix-SiC interface due to high differences in the
thermal expansion coefficient between SiC and aluminium matrix [45, 59]. Furthermore,
the NZ experiences the highest temperatures generated by the welding process (above the

solvus of the initial precipitate of around 540°C), leading to the dissolution of precipitates
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and the formation of a supersaturated solid solution (SSSS). The SSSS undergoes
expected natural ageing and hence increases the hardness [78].

Regarding the hardness profile in SAMC, there is no apparent difference in the
measured microhardness value, because there is no significant difference in the evolved
grain size between the FSW joints and BM. Also, the FSW joins are exposed to thermal
history looks like the initial heat treatment condition, T1, cooled from an elevated
temperature shaping process and naturally aged. However, there is a drastic drop in the
hardness in the TMAZ of some sample, which is resulted from the flow arm of softened
aluminium alloy into the matrix composite.

5.6.2 Tensile property of FSW joints

The variation in the welding parameters results in the evolution of various
microstructure in the NZ, which influences the tensile strength of FSW joints. The
relationship between the tensile strength and mean size of the evolved grain in the NZ of
AA 6082, AMC, and SAMC are presented in Figure 5-23 (a-C).

For AA 6082 FSW joints (Figure 5-23 (a)), two tendencies can be noticed on the
effect of grain size on the tensile strength. Firstly, the tensile strength of the FSW joints
increased as the tool traverse speed increases and then drops, regardless of the change in
the tool rotation speed. The rise in the flow stress is related to the evolution of small grain
size and incomplete dissolution or re-precipitate of fine needle-shape strengthening
precipitate. This is in agreement with the Orowan and Hall-Petch strengthening
mechanisms as the extremely fine strengthening precipitate, and grain refinement
dominated by HAGBs hinders the motion of dislocation and pile-up at grain boundaries,
which is considered to play a significant role in enhancing resistance to plastic flow [174].

Meanwhile, the drop in the strength at high tool traverse speed is related to the incomplete
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penetration and void formation (as shown in Figure 4-9). Secondly, the tensile strength
of weldments goes through a maximum with a higher tool rotation speed as a result of
the formation of a high fraction of LAGBES, strongly aligned fibre texture, and formation
joint free defects. This is in agreement with Taylor strengthening mechanism, as the

moving dislocations interact with edge dislocations (LAGBS).
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The relationship between the tensile strength, and the mean grain size of AMC FSW
joints is presented in Figure 5-23 (b). According to the figure, two opposite tendencies
can be observed relating the effect of grain size on the tensile strength. Firstly, at the
lowest tool rotation speed of 1500 rpm, the tensile strength of FSW joints is improved
with an increase of mean grain size (W3> W2> W1). The increase in monotonic strength
of FSW joints can be attributed to several mechanisms. Chawla et al. [150] proved that
the strengthening of AMC is significantly affected by the microstructure of the
aluminium matrix and reinforcement particles. For the studied BM in T6 metallurgical
conditions (strengthened by strengthening precipitates), a higher traverse speed results in
partial dissolution of the strengthening precipitates and subsequent re-precipitation
during natural ageing after FSW results in an increase in strength [41].

Furthermore, according to the Taylor strengthening mechanism, volumetric strain
occurs in the composite when using a fast cooling rate due to the thermal mismatch
between the aluminium matrix and SiC particles which leads to the generation of GNDs
around the reinforcement particles. As the interaction of the mobile dislocations
increases, flow stress of composite metal increase [167, 175]. This mechanism is
confirmed by the formation of a high fraction of LAGBs substructure at higher traverse
speed (as presented in Figure 4-35). Secondly, at a higher tool rotation speed (1800 and
2100 rpm) the tensile strength of weldments goes through a maximum with a higher
traverse speed as a result of the evolution of entirely recrystallised finer grain, which is
in agreement with the Hall-Petch strengthening mechanism. The effect of grain boundary
on the strength of metal is also confirmed in Al-7 % Si cast alloy and SAE 1020 steel

[116, 176].
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Regarding the SAMC FSW joints (Figure 5-23 (c)), there is no specific trend and the
relation between the strength and evolved microstructure is more complicated than the
AA 6082, and AMC. Because the strength of joins depends not only on the grain size but
also on the mixing process between the core composite and two aluminium surfaces. For
example, the joint welded at a tool rotation speed of 1800 rpm and traverse speed of 50
mm/min (W5) showed lower strength than the joint welded at rotational speed 1800 rpm
and traverse speed of 25 mm/min (W4) even with the formation of finer grain. This
reduction can be related to the improper mixing between the core composite and
aluminium layers and form flow arm. Meanwhile, there is no significant difference in the
strength of joints welded at lowest tool rotation speed of 1500 rpm (W1, W2, W3)
although there are some differences in the grain size., which can be related to the less
mixing between the core and surface.

Finally, two specific tensile behaviours have been noticed in the AA 6082 and AMC
FSW joints. First, the longitudinal welding samples showed excellent elongation than the
cross-weld samples. It was nearly the same as the base materials in the case of AA 6082
FSW joints and higher than the base metal in the case of AMC FSW joints. The main
reason for this behaviour is that the weld line specimens contain only uniform fine
equiaxed grains from the NZ, while the microstructure of the cross-weld specimens is
heterogeneous as it is consist of four zones, i.e., BM, HAZ, TMAZ and NZ. As the
examined ductility is an average strain over the gage length that includes different zones,
and these zones have different resistances to deformation owing to the differences in grain
size and precipitate distribution. Second, unlike BM and longitudinal samples, the stress-
strain curves of the cross-weld samples (Figure 5-4 and Figure 5-6) show a serration flow

phenomenon “jerky flow”. This behaviour can be attributed to the Portevin-LeChatelier
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effect as a result of inhomogeneous deformation due to the gradient in the cross-weld
microstructure, and/or the deformation by the mechanical twinning mechanism. The
deformation by twinning is not dominant in FCC crystals, as they have high symmetry
and twelve slip systems. However, deformation by twinning instead of slipping can take
place under particular conditions, i) slip system restriction; ii) increase of the critical
resolved shear stress (ty) so that the twinning stress is lower than the stress of slip; iii)
when the flow stress and dislocation density are very high the deformation mode changes
from slip to a twin; iv) fine grain structure [116, 177, 178]. Therfore, it is might be that
the cross-weld samples deform by a slip in the elastic region then proceed by twinning in
the plastic region. In contrast, the BM and longitudinal samples showed a smooth stress-
strain curves that can be related to the continouty of the microstructure.

Based on the above discussion, it is believed that the drop in the tensile strength of
FSW joints is related to the strengthening precipitate and grain structure. On the other
hand, elongation reduction results from the gradient in the cross-weld microstructure
(grain size) and formation of an interface inclined by around 45° to the loading direction
identified precisely in the AS. This interface acts as a shear plane and leads to an increase
of the critical resolved shear stress. Therefore, as less gradient in the cross-weld
microstructure (grain size) obtained the ductility of the welded joints increases. The
results obtained in this work confirm this conclusion. The SAMC sample showed the
highest gradient in the grain size, then AA 6082, and AMC (lowest gradient), which leads
to a severe drop in elongation of SAMC FSW joints, and a significant improvement in

the elongation of AMC.
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5.6.3 Miicrostructure evolution induced fatigue life of FSW joints

The variation in fatigue behaviour is mainly dependent on the evolved microstructure
characterisation, cyclic strain range and residual stresses [162, 179, 180]. The relationship
between fatigue life at different strain amplitude and grain size of AA 6082, AMC, and
SAMC FSW joints are presented in Figure 5-24 (a-c). According to Figure 5-24 (a) (AA
6082), it is evident that at a given strain amplitude, finer equiaxed grain mostly has a
higher fatigue life than the coarse microstructures. Higher variations in the fatigue life
were obtained with the increasing of tool rotation speed. The joints welded at a highest
tool rotation speed of 1800 rpm show larger envelope (green area) with a drop in fatigue
life in comparison to the joint welded at a lower tool rotation speed of 1100 rpm (blue
area). This can be related to the less difference in the evolved grain size, as well as, to the
lower residual stresses induced in the welded joints. As it was reported by Fratini et al.
[181] that, the crack growth rate values in the softest region of HAZ (higher residual
stress) is higher than the base material. Meanwhile, the propagation of a crack through
the fine grain and hardest NZ has shown a decrease in crack growth rate up to values
rather lower than the ones observed in HAZ. This demonstrates that the fatigue life of
FSW joints is affected by the residual stresses in the HAZ and evolved microstructure
and hardness in the NZ.

Figure 5-24 (b) displays the relationship between the fatigue life of AMC FSW joints
and grain size at different strain amplitude. As shown in the figure, two opposite
tendencies are pointed; firstly, at lowest tool rotation speed (1500 rpm), the increase of
traverse speed leads to lower fatigue life (W1>W2>W3) under all strain amplitudes, this
trend is opposite to that of tensile behaviour (Figure 5-23 (b)). Secondly, at high tool

rotation speeds of 1800 and 2100 rpm, faster traverse speed improves the fatigue life of
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FSW weldment, i.e. W9>W8>W?7. For both trends, it can be seen that the fatigue life has
been improved with the formation of smaller grain size combined with the high fraction
of HAGBsS (as presented in Figure 4-35), and high volume fraction of SiC. The formation
of HAGBs almost leads to high ductility, and as the diameter of the grain is reduced more
of the grain boundaries properties are reflected in the centre of the grain. Therefore, this
can effectively prevent macroscopic plastic deformation, and minimise microscopic
localised plastic strain under specific cyclic stress amplitude. Also, in AMC, an increase
in the volume fraction of the hard ceramic reinforcing particulates (due to the particle
refinement) increases dislocation density and reduces grain size. These microstructural
changes tend to increase the resistance offered to the motion of mobile dislocations.
Furthermore, load transfer from the matrix to the reinforcement is a significant
contributor to composite strengthening [166, 167].

Regarding the SAMC (Figure 5-24 (c)), it is found that finer grain to some extent has
a higher fatigue life than the coarse grain. However, there is no apparent trend between
the grain size and fatigue life because the difference between the evolved grain sizes is
very small. Therefore, the fatigue life is more dependent on the mixing between the core
composite and aluminium layers. For example, although the grain size of W5 is less than
the W4 FSW joint, the fatigue life of W4 is higher than W5. This can be related to the
improper mixing, which results in the formation of flow aluminium arm.

Finally, under all strain amplitude, both the AA 6082 and AMC in the as-received
and FSW joints show strain hardening behaviour (as presented in section 5.4.2 and 5.4.3)
during fully reversed cyclic straining under all strain amplitude. This can be attributed to
the following reasons; (i) The competing and synergistic effects of stress (load) transfer

between the soft and ductile aluminium alloy matrix and the hard and brittle ceramic
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reinforcement particle (SiC) [182]. (ii) Grain refinement, as the grain boundaries act as
barriers to dislocations movement, thus the strain hardening in the smaller grain size is
higher than the coarse grains [183]. (iii) The pre-existence of high dislocation density in
the aluminium matrix produced by the presence of the SiC reinforcement due to a
mismatch in the coefficients of thermal expansion [184, 185]. (iv) An increase in the
storage dislocation density during cyclic plastic deformation, as they accumulate by
randomly trapping each other, which is associated with plastic deformation, or they are
required for compatible deformation of various parts of the crystal (GNDs) associated
with plastic strain gradient [180].

Based on the above discussion, the reduction in the fatigue life of FSW joints can be
related to the following factors. Firstly, the physical appearance of the inclined TZ
interface by around 45° specifically in the AS. As it is known that the crack initiation
(crystallographic cracks grow) stage occurred by slip generated nuclei along planes of
maximum shear stress (slip planes 45° to the direction of stress axis), which is termed
persistent slip bands (PSB). Thus, there is an acceleration process in the crack initiation
stage leading to reduce the fatigue life of FSW joints. Secondly, non-uniform grain size
in the cross weld leads to local strain concentration, which also contributes to the drop in
fatigue life. Thirdly, the appearance of tensile residual stresses in the welding zone leads

to the increases of fatigue crack growth rate.
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5.7 Summary

This chapter investigated the structure-property, and residual stresses in AA 6082,
AMC and SAMC FSW joints in relation to the evolved microstructure under different
welding conditions. Mechanical testing including hardness, tensile, and low cycle fatigue
were used to assess the properties and performance (weld quality) of the weldment. It
was found that grain size (Hall-Petch), reinforcement particle size (Orowan), dislocation
interaction (Taylor), and strengthening precipitate are the major strengthening
mechanisms in FSW joints. These mechanisms are affected by thermomechanical effect
during FSW.

The main characteristic of the strengthening precipitate contributions is their
localised variations within various weld regions and their dependence on the starting
condition. For AA 6082 and AMC, the hardness profile showed a drop in the in the NZ
due to the dissolution of strengthening precipitate. While the hardness of TMAZ and
HAZ are varied between the NZ and the base materials due to the coarsening of
strengthening precipitate. However, the formation of fine grain and homogenous
distribution of smaller reinforcement particles lead to improved hardness based on Hall—
Petch and Orowan hardening mechanism. On the other hand, the hardness profile in
SAMC FSW joints showed that there is no difference in the measured hardness between
the welding zone and base materials because the evolved grain size in the NZ is nearly
same as the base metal. Also, welded joints are exposed to thermal history similar to the
initial heat treatment condition, T1, cooled from an elevated temperature shaping process
and naturally aged.

The tensile strength of AA 6082 and AMC FSW joints is lower than their base metals.
While for SAMC FSW joints it is reached 108 % of that of the base metal. The drop in
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the tensile strength of FSW joints is related to the strengthening precipitate, grain
structure, and mixing process. On the other hand, the elongation of joints is dependent on
the gradient in the cross-weld microstructure. The formation of an interface inclined by
around 45° to the loading direction acts as a shear plane and leads to an increase of the
critical resolved shear stress. Thus, the ductility of the welded joints increases as less
gradient in the cross-weld microstructure (grain size) obtained.

The low cycle fatigue life of welded joint showed different behaviours for each
studied material. However, the fatigue life of welded joints was lower than the as-
received base metals. This reduction can be related to the physical appearance of the
inclined TZ interface by around 45°, which accelerates the crack initiation stage and
reduce the fatigue life of FSW joints. In addition to the local strain concentration from
non-uniform grain size in the cross weld, as well as, the appearance of tensile residual

stresses in the welding zone.
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Chapter 6  Finite element simulation of friction stir

welding

6.1 Overview

The quality (properties and performance) of the welded joints is dictated by the
microstructure and mechanical properties which in turn are determined by the FSW
process. These properties are controlled by heat generation, material flow, and residual
stresses, which normally vary by changing the welding parameters, tool geometry, and
characteristics of the material to be welded. Therefore, under such conditions, in-depth
knowledge of the FSW process is a prerequisite for reliable prediction of the weld quality.
Due to the complexity of FSW processing conditions, it is difficult to obtain all detailed
information and gain insight into the joint during the actual FSW processing conditions.
Thus, numerical simulation helps to overcome this problem by providing an effective
way of analysing the formation of FSW joints [186].

In this work Coupled Eulerian-Lagrangian (CEL) approach is used to simulate
plunge and welding step in FSW, because of its capability of solving large material
deformation problems and describing the physical boundary of the material accurately.
The CEL method is employed to predict the thermal history, induced residual stress, and
simulate the material flow and formation of a volumetric defect during the welding
process by using the commercially available finite element (FE) analysis software code

ABAQUS 6.14 [187].
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This chapter is structured as follows: Section 6.2 presents a brief description of the
complexity of modelling FSW process with a detailed review of the previous work that
has been done to simulate FSW by using different modelling approach including
computational fluid dynamics (CFD), Arbitrary Lagrangian-Eulerian (ALE), and
Coupled Eulerian-Lagrangian (CEL). Section 6.3 is divided into five subsections to give
a detail discerption to the FE model in term of technique and model setup, geometry
definition, material model, contact interaction and boundary conditions, and meshing
technique and element type used in the current model. Section 6.4 is divided into three
subsections to validate the experimental results (temperature distribution, material flow,

and residual stresses) with FE results. Finally, the summary is given in the last section.
6.2 Introduction

The improvement of metallurgical and mechanical properties of FSW joints are
dependent on the controlling the welding parameters. Thus, to investigate the mechanism
of controlling welding parameters, numerical methods are necessary [188]. FE analysis
Is a numerical method that can be used to solve complex engineering problems which are
difficult to solve analytically. Also, it is considered an essential tool for the analysis of
nonlinear problems, such as geometrical and material nonlinear behaviour of solids and
structures [189]. Simulation of a multi-physics problem such as FSW requiring
consideration of severe plastic deformation, heat flow under varying strain rates, complex
material flow, and friction conditions is highly challenging because of the complexity of
the interaction of thermal and mechanical phenomena (thermomechanical process) [123,
186, 190]. A substantial effort has been done by several researchers to simulate material
flow [123, 191, 192], thermal history [193, 194], and residual stresses [195, 196] in FSW
by using different modelling techniques such as CFD and solid mechanics. Seidel and
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Reynolds [197] developed two-dimensional (2D) FSW thermal model based on fluid
mechanics. The welding process was simulated as a steady state, laminar flow of a non-
Newtonian fluid past a rotating circular cylinder (assumed the FSW tool consist of pin
without shoulder). They observed that the material flow was not symmetric about the
welding centreline with significant vertical mixing occurred during FSW. However, the
authors addressed a mismatch between the experimental and model results, owing to the
absence of the tool shoulder, which has a significant effect on the mixing process. They
also reported that more realistic results could be achieved by using a three-dimensional
(3D) model and included the tool shoulder with a threaded pin. Colegrove et al. [198-
200] systematically investigate the flow of material and temperature distribution in 2D
and 3D using CFD code, FLUENT. The primary goal of their investigation was to gain a
better understanding of the material flow behaviour around a standard threaded tool
profile and complex tools such as Trivex, and Triflute profile. They demonstrated a novel
modelling technique, which is the slip boundary condition in three dimensions. This
model revealed significant differences in material flow with different tool shapes, which
was not evident with the conventional stick model. They also observed that in some cases
the predicted size of the deformation zone was found to be much larger than the observed
experimentally, combined with a large over-prediction of the weld temperature. Ulysse
[201] modelled the effects of tool rotation and traverse speeds on forces and welding
temperatures during FSW of thick aluminium plates, based on a 3D viscoplastic model.
The prediction of temperature was overestimated compared to the experimentally
measured ones; they claim this drawback to inadequate representation of the constitutive
behaviour of the metal for the wide ranges of strain-rates, temperatures and strains, which

is typically found during FSW.
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Another approach used to simulate FSW is based on solid mechanics. Lagrangian
and Eulerian formulations are commonly used to simulate continuum deformation
problems in solid mechanics. In a traditional Lagrangian formulation, the nodes are fixed
within the material (mesh follows the material flow). Therefore, the highly distorted
elements during FSW lead to convergence problems, loss of accuracy, and prolonged the
computation time. On the other hand, in Eulerian formalism, nodes are fixed in space and
mesh remains undistorted and does not move instead the material flows through elements.
Therefore the large distortions in the continuum motion can be handled with relative ease,
but generally at the expense of precise interface definition and the resolution of flow
details [202]. As a result of the shortcomings of Lagrangian and Eulerian descriptions, a
technique has been developed that succeeds, to a certain extent, in combining the best
features of both the Lagrangian and the Eulerian approaches. Such a technique is known
as the Arbitrary Lagrangian-Eulerian (ALE) formulation with the adaptive re-meshing
technique can be used for modelling FSW with a realistic computation time as suggested
by Assidi et al. [203].

Deng and Xu [204] developed a 2D FE model based on the ALE approach to
simulate material flow pattern around the tool pin in FSW using ABAQUS Dynamic
Explicit. Plane strain conditions were assumed, and experimentally measured
temperatures were applied as body loads in the model. Modified Coulomb’s frictional
model and constant rate slip model were used as a contact interaction models between
tool pin and workpiece. The comparison of both models showed that there is no
significant difference in simulation predictions of post-weld marker positions. However,
the authors stressed that several simplifications had been made in carrying out the study,

and they did not provide a quantitative prediction, due to computational constraints and
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the lack of experimental data. Schmidt and Hattel [205] developed a fully localised
coupled thermomechanical 3D FE model using adaptive boundary conditions to
determine conditions for void-free welds using finite element analysis and flow stress
determined according to the Johnson-Cook law. The contact forces between tool and plate
surfaces were defined based on Coulomb’s law of friction. The results of their
investigation showed that the cooling rate plays a significant role in defect formation with
higher cooling rate leading to faulty deposition of material behind the tool pin. Later,
Deng and Xu’s [204] work has been extended by Zhang and Zhang [192, 206] to study
the residual stresses and material flow of AA 6061-T6 FSW joints under different
welding parameters in 2D and 3D model. The flow of metal during FSW was investigated
using tracer particles. It was shown that with the increase of the traverse speed, the
maximum longitudinal residual stress could be increased. Also, the flow of material on
the advancing side and the retreating side are different. Zhang [207] carried out
comparisons on various frictional model conditions (classical and modified Coulomb’s).
The result showed that both models predicted similar results at low tool rotational speeds.
The above results proved the capability of the ALE approach to model FSW. However,
The main drawback of this approach remains in the choice of the relative movement
between the mesh and the welded material in order to decrease mesh distortions and the
prediction of void formation [208].

Recently a Coupled Eulerian-Lagrangian (CEL) approach based on an explicit time
integration formulation has been developed and implemented in the FE code ABAQUS
to capture the advantages of both of the Lagrangian and the Eulerian method and deal
with problems involving large deformations [187]. In CEL method the Eulerian material

is tracked as it flows through the Eulerian mesh by computing its Eulerian volume
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fraction (EVF). The EVF is defined as the percentage of an Eulerian element which is
filled with material. An EVF of one means that the element is completely filled with
material, while an EVF of zero means there is no material within the element. The Contact
between Lagrangian materials and Eulerian materials is enforced using a general contact
that is based on a penalty contact method. A general contact algorithm does not enforce
contact between the Lagrangian elements and the Eulerian elements. The Lagrangian
elements can move through the Eulerian mesh without resistance until they encounter an
Eulerian element filled with a material (EVF # 0). Based on the CEL approach, recently
Al-Badour et al. [209] developed a 3D localised model with adiabatic heat effect to
predict volumetric defects and material flow during FSW of AA 6061-T6 and to estimate
tool reaction loads. Johnson-Cook law and Coulomb’s frictional contact models were
adopted to define the flow stress and tool-workpiece interaction, respectively. The results
described accurately the shape of the plasticised zone as well as the presence of a void in
the weld. However, there is deviation (mismatch) between the FE and experimental
results of force and torque in the welding step. More recently, Tongnea et al. [208] have
predicted the formation of banded structures and kissing bonds using CEL approach in
the 2D model. Based on their experimental and numerical analyses, they reported that the
banded structures are mainly related to the geometry of the pin whereas the friction
conditions have a much smaller effect.

However, the CEL method has never been used to study the heat generation and
residual stress in FSW joints. In the present work, a 3D fully coupled thermal-stress
analysis model based on CEL approach is developed based on Al-Badour et al. [209]

model to predict the heat generation, material flow, and residual stresses during FSW of
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4 mm thick AA 6082-T6 sheet using a threaded cylindrical shape pin. The model is

validated by comparing the predicted FE results with those obtained experimentally.
6.3 Finite element (FE) modelling

6.3.1 FE analysis

In the FSW process, the tool rotation leads to the large mesh deformation near the
toolplate interface. Therefore, a CEL approach with an explicit time integration, a
powerful feature of ABAQUS 6.14 [187], is used to avoid mesh distortions. 3D coupled
thermo-mechanical FE model of the FSW process is developed in the current study to
predict thermal histories, material flow, and residual stresses during FSW. Plunge and
welding steps during FSW are simulated in this model, as this approach allows plunging
a Lagrangian rigid body (FSW tool) inside the Eulerian media where the base material
flows. In the plunge step, a constant volume approach is used; i.e. there is no movement
in the material. Meanwhile, in the welding step, the longitudinal motion of the FSW tool
was considered zero. Instead, a control volume approach is performed, and the welding
speed is defined as a longitudinal velocity of inflow and outflow of material over Eulerian
domain boundaries.
6.3.2 Geometrical definition

The geometry of the Eulerian domain (plate) was defined as a local square cuboid
shape consisting of two regions namely the full domain and void domain as shown in
Figure 6-1 (a). As noticed in the experimental work that has been done in this study, the
change in the welding temperature is less pronounced after 20 mm in the lateral distance
from the weld centre. Thus a local domain having dimensions of 50 mm length, 50 mm
width has been used as a trade-off between the model accuracy and computational
expenses. The thickness of the full domain is equal to the plate thickness used in the
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experimental work (4 mm), and the thickness of the void domain is taken as 2 mm. The
full domain is assigned with the base metal (AA 6082-T6), and the void domain is left
empty with no material to visualise the formation of flash on the surface during the
welding process.

The FSW tool consists of two parts: the shoulder and the pin similar to the used tool
in the experimental work. The diameter of the shoulder is 16 mm with a concavity of 6°
angle. The tooling pin is an M6 threaded cylindrical pin having a length of 3.3 mm as
shown in Figure 6-1 (b). The tool is constructed from a CAD system and then transferred
into the geometry model as parts using ABAQUS built-in interface code. In the same
manner, as in the experiment, the tool is tilted by 2° (Figure 6-1 (a)) and the plunge depth

of 0.2 mm is applied during the plunge step.

(b)

Figure 6-1 FSW geometry definition; (a) Eulerian domain (plate), and (b) FSW tool profile
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6.3.3 Material properties

The AISI H13 steel and aluminium alloy AA 6082-T6 are used as the FSW tool and
base metal in the FSW modelling. The FSW tool is considered as a rigid body having no
thermal degree of freedom constrained to a reference point (RP). Regarding the base
metal, during FSW the material is subjected to complex strain, strain rate, and
temperature histories. It is known that the material properties are functions of temperature
as described by Zhang et al. [192]. Thus the elastic and thermal properties used in the
modelling are considered as temperature dependent as shown in Table 6-1 which are
obtained from the references by Al-Badour et al. [209], Toric et al. [210], Payandeh et al.
[211], Wilson [212], and Powell et al. [213]. Meanwhile, plastic flow stress is considered
as strain rate and temperature dependent. ABAQUS supports the Johnson-Cook (J-C)
plasticity constitutive model, which is an empirical viscoplastic constitutive model and a
particular type of Mises plasticity model used to depict the work hardening, strain rate
hardening and the thermal softening effect of metal. It is suitable for high-strain-rate
deformation and temperature as suggested by Al-Badour et al. [209], and Tongne et al.
[208]. The von Mises flow stress g, according to the J-C constitutive relation is shown

in equation (1).

0, = [A+ Be™][1 + Cln&*][1 — (TH)™] (1)

where ¢ is the equivalent plastic strain; €* is the dimensionless plastic strain rate
given by the equation of §* = £/£, in which &, is the reference strain rate (1.0 s~1); and
A, B,n, C,and m, are material constants. T*is dimensionless temperature expressed as

shown in equation (2) in which T, T,, and T,, are the environment, reference and material
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melting temperatures, respectively. The J-C parameters used in this model were also
obtained from the literature done by Jaspers and Dautzenberg [214] based on split

Hopkinson pressure bar (SHPB) method for AA 6082-T6 and it is given in Table 6-2.

T"=(T=T,)/(Tn = To) (2)

Table 6-1 Mechanical and thermal properties

Thermal Thermal
T E Density (p)  Specific heat coefficient of conductivity
(°C) (GPa) (kg/m?) (Cp) (I/Kg .K)  expansion (a) (Wicm.K)
[210] [209] [211] (um/ m.K) *10° '
[211, 213]
[212]
25 71 2700 910 - 150
50 - - 930 - 157
100 70 2690 940 2.54 164
150 65 2670 970 ) 171
200 65 2660 990 2.65 181
250 63.5 - 1000 - 185
260 - 2660 - ) -
300 48 - 1010 2.78 185
316 - 2630 - - -
350 24 - 1060 - 192
371 - 2630 - - -
400 - - - 2.99 180
427 - 2600 - - -
482 - - - - -
500 - - 1110 3.25 -
527 - - - - 220
600 - - - 3.55 -
627 - - - - 213
650 - - - 3.72 -

Table 6-2 Johnson—Cook plasticity model parameters of AA 6082-T6 [214]

A(MPa) B(MPa) C n M Ter(°K)  Trer (°K)

428.5 327.7  0.00747 1.008 1.31 298 855
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6.3.4 Contact interaction and boundary conditions

The contact condition is considered a critical part of the numerical model, especially
when modelling the FSW process [215]. Eulerian-Lagrangian contact allows the Eulerian
materials to be combined with traditional nonlinear Lagrangian analyses. General contact
algorithm that enables a fully coupled multi-physics simulation such as fluid-structure
interaction is used to define tool-workpiece contact and thermal and mechanical
interaction properties. The normal contact forces are obtained by using the penalty
contact formulations. Also, the tangent motion is considered as part of the solution for
the contact definition on the tool-plate interface. Coulomb’s friction law is applied to
describe the shear forces between the tool surface and the workpiece. This law predicts
the mutual motion between the two segments whether they stick or slip. If the friction
shear stress exceeds the yield shear stress of the base metal, the material surface stick to
the moving tool surface (heat is generated by plastic deformation).

On the other hand, if the contact shear stress is smaller than the material yield shear,
there is no relative motion between the contact surfaces (slipping), and heat is generated
by friction. Therefore, the accurate value of the friction coefficient is the major point in
the calculations of heat generation during FSW. However, this value cannot be
determined from fundamental principles or experiments that are relevant to the FSW
conditions [216]. Thus a different value of the friction coefficient ranging from 0.4 to 0.8
has been used in the previous study [217, 218]. Also, the numerical results showed that
the friction coefficient has a significant effect on the void formation. A larger void size
results from lower friction coefficient [186, 209]. Therefore, in the present study, a
friction coefficient of 0.8 has been used, as it is showed by Al-Badour F. et al. [209] that

this value gives the nearly accurate size of the formed defect.
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The boundary conditions can have a significant effect on the model results.
Therefore, the thermal and velocity boundary conditions need to be defined correctly for
the domain to represent the physical situation accurately. Heat radiation for the top
surface and heat convection models for the bottom surface are used to dissipate the heat
through the boundaries, which were defined by creating surface radiation and film
interaction.

Tool displacement and rotation are constraints to RP, to control the position of the
tool, and applying the rotational tool speed. Meanwhile, the velocity boundary conditions
of the model were defined in Table 6-3, to avoid the loss of flow material from sides and
bottom of the Eulerian domain and to control the welding speed in plunge and welding
steeps. The plunge step time has been considered as two seconds, and velocity constraints
at the boundaries were defined as shown in Figure 6-2. In the welding step the velocity
constraints at the boundaries are defined in Figure 6-3. Where Vx, Vy, and Vz are velocity
magnitudes in the X, y, and z directions respectively as shown in Figure 6-3, Vz is the

welding speed as inflow and outflow velocity.

Table 6-3 Finite element model boundary conditions

Boundary conditions

Vx v Vz Tool rotation
y (mm/min) speed (rpm)
Plunge 0 0 0 800 or 1100
Step
Weld 0 0 200 800 or 1100
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Vx=Vy=Vz=0

Figure 6-2 Velocity boundary conditions in the plunge steep

Vx=Vy=0, Vz=Traverse speed

Figure 6-3 Velocity boundary conditions in the welding steep
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6.3.5 Meshing and element type

In Eulerian analyses, the boundaries of each Eulerian material are reconstructed
based on the computed volume fraction data for each Eulerian material in an element in
each time increment. The material boundaries within an element are approximated as
simple planar facets by the interface reconstruction algorithm. This assumption produces
a simple, approximate material surface that may be discontinuous between neighbouring
elements. Thus, fine mesh resolution is required to determine the location of material
within an element accurately and to avoid the Eulerian material flowing through the
Lagrangian mesh [187]. Based on the above reasons and the need for the reduction of
computational time, the Eulerian domain is meshed steeply in this work; i.e. fine mesh
has been generated in the tool-workpiece interaction zone, and coarse mesh at the sides
by using the bias meshing technique as shown in Figure 6-4. EC3D8RT 8-node thermally
coupled linear brick, multi-material, reduced integration with hourglass control and four

degrees of freedom elements is used in Eulerian domain. The FSW tool is meshed by

using R3D3 element (3-node 3D rigid triangular facet).

Figure 6-4 Mesh of Eulerian domain and FSW tool
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6.4 Results and discussion

The predictions of FE model developed in this work were validated and confirmed
by comparing to the corresponding experimental results in term of thermal history,
residual stresses as well as by matching the estimated processed zone shape and void size.
As mentioned earlier this model is based on aluminium alloy studied in the current study
(AA 6082-T6) under welding conditions of 800 and 1100 rpm tool rotation speed and
200 mm/min tool traverse speed (W5 and W10) for the purpose of validation. The
required CPU time to simulate one case with a double precision and six parallel domains
is around 456 hours by using a computer with 3.7 GH processor and 64 RAM.

6.4.1 Temperature distribution

In FSW, the mixing of material to achieve a good weld needs a certain amount of
heat to plasticise the material. Heat is generated in FSW due to frictional heat action
between tool and base metal, as well as, from plastic deformation of the welded material.
The typical cross-weld temperature distribution during the plunge and welding step with
a tool rotation speed of 800 rpm and traverse speed of 200 mm/min (WS5) is shown in
Figure 6-5 (a-f). During the plunge step, the rotating tool pin penetrates the workpiece,
until the tool shoulder contacts the workpiece, and then as in the experimental work, 0.2
mm is used as shoulder plunge depth. It can be seen that the temperature increases as the
plunge depth increases due to the larger contact area between the FSW tool and
workpiece, which contributes towards a large proportion of heat generation. The high-
temperature region is located under the tool shoulder, where the energy density and
plastic deformation is extremely high. In the welding step, the model assumes that the

material traverses in the welding direction. There is a little drop and stabilising in the
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high temperature as a result of less heat concentration due to high traverse speed and

balance thermal distribution.
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Figure 6-5 Typical cross-weld temperature distributions of W5 FSW joint at different time (sec)
during plunge step; (a) 0, (b) 0.25, (c) 1, (d) 1.5, (e) 1.8, and weld steep (f), 9.4 (AS on the right,
Temperature in °K)
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Figure 6-6 and Figure 6-7 show the experimental validation of the model with the
cross-weld temperatures results that are measured experimentally for W5 (800 rpm - 200
mm/min), and W10 (1100 rpm — 200 mm/min) FSW joints, respectively. The
comparisons are made in the mid-length of the plate below the top surface by 1.6 mm.
Figure 6-6 (a) shows the experimental cross-weld thermal history graphically in the FSW
joint. As explained in the experimental section, nine thermocouples (TC) in specific
locations have been used to measure the thermal history, eight of them to measure the
cross-weld temperature in RS (TC1-4) and AS (TC5-8), as well as one thermocouple in
the centre of weld to measure the peak temperature. To get temperature distribution based
on the distance from welding centre to be comparable with FE model, the peak
temperature of each thermocouple is used based on it is distance from the welding line to
get the overall trend as shown in Figure 6-6 (b). Based on this figure, it can be seen that
the simulated thermal distribution is higher than the experimental ones. However, there
is good agreement between the measured and simulated peak temperature in the centre
of the welding line. Also, there is no big difference between the advancing and retreating
sides temperature, which is comparable to the experimentally measured temperature. A
similar procedure has been used for the joint welded at a tool rotation speed of 1100 rpm
and traverse speed 200 mm/min (W10) as shown in Figure 6-7 (a and b). Compared with
the temperature distributions of the W5 FSW joint, the maximum temperature is
increased from around 740 to 850 °K. This indicates that the peak temperature in the
FSW process can be increased with the increase of tool rotation speed. Moreover, it can
be seen that the generated temperature in the retreating side is higher than the advancing
side, which is the same as the experimental trend. For both studied conditions, the

maximum temperature obtained during the welding process is to some extent comparable
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with the FE results. However, there is an overestimation to the temperature on both sides,
and it increases with the increase of the distance from the weld centreline. This difference
may result from the mesh size, material parameters used in the numerical simulation, the
difference between actual plate size and domain size, thermal boundary conditions,

backing and fixture plate, and tool rigid body assumption.
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Figure 6-6 Cross-weld thermal history of W5; (a) Experimentally measured temperature, (b)
Comparison between experimental and FE model solution
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Figure 6-7 Cross-weld thermal history of W10; (a) Experimentally measured temperature, (b)
Comparison between experimental and FE model solution
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6.4.2 Material flow

Plastic deformation of materials plays a significant role in the flow of material and
hence in the formation of a sound weld. It also affects the microstructure of the weld zone
along with thermal history. During the welding process the plasticised material swept
from the AS to RS to form the FSW joint. The flow of softened material around the tool
during welding processes is very complicated and depends on the geometry of the FSW
tool, welding parameters and the base metal. Therefore, it is vital to study the strain
distribution to understand the material flow characteristics for optimum combinations of
FSW parameters [127, 219-223]. Figure 6-8 shows the typical equivalent plastic strain
distribution in cross-weld during plunge and welding steps of W5 FSW joint. The results
showed that the equivalent plastic strain is increased as the tool plunge depth increases
and reaches the maximum during the welding step. It is also seen that the maximum
equivalent plastic strain in the plunge step is around the tool pin. Meanwhile, in the
welding step, it occurs under the shoulder on the top surface, which means the shoulder
rotation can accelerate the material deformations near the top surface. This behaviour is
also confirmed in the longitudinal weld cross section as shown in Figure 6-9. This finding
Is consistent with the physical behaviour of FSW, as the maximum velocity is attained
near the edge of the shoulder at the top surface of the workpiece followed by a rapid
decrease away from this region [92, 216], and it is consistent with other studies done by
Zhang and Zhang [188], and Jain et al. [224]. Furthermore, it is noted that the
deformation of material at the AS and the RS is asymmetric, which can be related to the
different material flows in the FSW process on both sides and the positive impact of

rotational and traverse speeds of the tool [188, 224].
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Figure 6-8 Cross-weld equivalent plastic strain distributions of W5 FSW joint at plunge step at
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Figure 6-9 Longitudinal weld cross section of W5 FSW joint
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The distributions of cross-weld plastic strain in the welding step for W5 and W10 are
plotted in Figure 6-10. It is evident that the plastic strain in the AS is higher than the RS,
and it increases with the increase of rotation speed. This is due to the fact that with an
increase in the tool rotation speed, the rotation of the tool per minute increases, which in
turn increases the plastic strain deformation and hence increases the flow of material. The
results also reveal that the main deformation occurs near the top surface due to the larger
contact area of tool shoulder in comparison to the tool pin as well as highest tool rotation
speed near the surface. Furthermore, it can be seen that more homogenous plastic

deformation is achieved when the tool rotation speed increases.
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Figure 6-10 Plastic strain distribution during the welding step

The combined effect of plastic strain and thermal history (discussed in the previous
section) has a significant effect on the formation of the sound joint. Figure 6-11 shows
the effect of welding parameters on the joint soundness. The results revealed that, at lower
tool rotation speed of 800 rpm, less heat and plastic deformation generated during the

welding process, which leads to the occurrence of void defect behind the welding tool
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and subsequently the welding plate fails to be friction stir welded efficiently as shown in
Figure 6-11 (a). When the tool rotation speed increased to 1100 rpm, both plastic strain
and heat increases in the welding zone, which leads to improve the flow of plasticised
material and reduce the void size as shown in Figure 6-11 (b). This can be related to the

increasing of stirring effect of the welding tool with the increasing of the rotating speed.

(b)

Figure 6-11 Comparison between the experimental an FE formed void, (a) W5, and (b) W10
Figure 6-12 compares the surface morphology of the experimental joint (W5) and
numerical model. It can be noticed that there is an initial formation of flash at the start

point of joint, which happened in the plunge step. This can be related to heat
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concentration as most of the heat generation occurs at the interface between the tool
shoulder and the work-piece. Significant heterogeneity in heat generation at that interface
can lead to defect formation in the form of excess flash due to surface overheating [216].
Meanwhile, joint free of flash is formed during the welding step as a result of less heat

concentration and exposure time at high temperature.

PEEQVAVG
(Avg: 75%)
+2.495e+01

+2.183e+01
+1.871e+01

+1.559e+01
+1.248e+01
+9.357e+00
+6.238e+00
+3.119e+00
+0.000e+00

Figure 6-12 Surface morphology of W5 FSW joint

6.4.3 Residual stresses

The distortion behaviour of the welded plate and its ability to sustain applied loads
while maintaining structural integrity is affected by the presence of residual stress [225-
227]. In FSW thermal and mechanical residual stresses develop because of the expansion

and contraction during heating and cooling, as well as from the rotation and traverse of
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the FSW tool [228]. However, the induced residual stress levels in FSW joint is less than
in conventional welding, but they have a significant effect on near-threshold crack
propagation rates [162, 229]. Compressive residual stress dominates the fatigue crack
propagation in the transition zone. Meanwhile, tensile residual stress, microstructure and
intergranular failure mechanism dominate crack growth in the nugget zone [230-232].
The appearance of tensile stress components in the welding plate can cause crack
initiation and increase crack growth rate, which leads to excessive failure, while
compressive stresses component can be beneficial in inhibiting crack propagation [233].
Comparisons between the neutron diffraction measurements results, which were obtained
experimentally and presented in Section 5.5, are compared with the predicted residual
stresses of W5 FSW join and presented in Figure 6-13. The comparisons are made at
around the mid-thickness of the plate. Consistent with the neutron diffraction
measurement results, the numerical results reveal that both tensile and compressive
residual stress component appears in the longitudinal and transverse direction of FSW
joints. However, the tensile stress is higher in the longitudinal direction than the
transverse direction by around 30 MPa; similar behaviour has been reported previously
by Peel et al. [165]. It can be seen that the double-peak tensile stresses are located outside
the stirring zone, before dropping slightly at the weld centre. This reduction of the tensile
residual stress in the weld centre region is quite noticeable and has been observed
previously in friction stir welding of aluminium alloys and can be related to the softening
of the weld region, which would limit the capacity of the material to support the generated
load [162, 181, 233, 234]. In comparison with tensile behaviour, it can be seen that the

peak tensile residual stresses (around 80 MPa) are very close to the yield strength of the
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same FSW joint (about 100 MPa). Therefore, the structural integrity of the welded
structure is strongly affected by induced residual stress.
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Figure 6-13 Residual stresses of W5 FSW joint as functions of position relative to the weld
centreline; (a) Longitudinal, and (b) Transverse

6.5 Summary

In this chapter, a 3D fully coupled thermo-mechanical finite element model has been
developed based on Coupled Eulerian-Lagrangian technique. The model is used to
qualitatively analysis the effect of tool rotation speed on the weld quality through the
discussions on thermal history, material flow, and residual stress for aluminium alloy AA
6082-T6. The model has been solved by ABAQUS explicit by considering temperature
dependent thermal and mechanical properties and Johnson cook plasticity model. Plunge
and welding steps are simulated by controlling the displacement of the tool and flow of
material over the Eulerian mesh. A validation evaluation was carried out in this study as
compared with the experimental work. It is found that the peak temperature in the FSW
joint increased with the increase of the tool rotation speed, and it is higher on the RS.
Also, plastic deformation increases with the increase of rotational tool speed, and it is

observed that higher strain is found on the top surface of the workpiece as compared to
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the bottom surface. The distribution of strain in FSW joint is non-uniform which indicates
the asymmetrical nature of the FSW process. The increase of temperature and plastic
strain leads to improve the flowability of the welded metal and reduce the size of
volumetric defects. The longitudinal residual stress is higher than the transverse one.
Overall, the numerical results showed a good agreement with the experimental results.
However, there is an overestimate in the heat distribution and residual stress, which can
be related to the meshing technique and size, the assumptions of friction coefficient and
rigid tool. The contribution of this chapter is evident as the resulting outcomes can be

capitalised as guidelines to assess the weld quality under different welding parameters.
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Chapter 7 Conclusions and future works

7.1 Introduction

In this work, extensive and systematic experimentation have been carried out to
develop a necessary understanding of the effects of two most important FSW parameters,
i.e. the tool rotation and traverse speeds on the heat generation and microstructure
evolution of AA 6082, AMC (AA 6092/SiC/17.5p-T6), and SAMC (AA 6061B/SiC/20p)
FSW joints, and their impact on the weld quality of FSW joints. The quality of weldment
is assessed based on the properties and performance of FSW joints under mechanical
testing, which includes microhardness, tensile and low cycle fatigue. Also, the presented
work has demonstrated the development of a 3D FE model for predicting the thermal
field, residual stresses, and material flow during the FSW process. Based on the results
presented, conclusions and recommendation for future work are drawn in the following

sections.
7.2 Conclusions

7.2.1 Thermal history and metallurgical characterisations

The presented work has attempted to provide a detailed evaluation and fundamental

understanding of the effects of FSW parameters and their interaction on the thermal

histories and metallurgical characterisations of the welded joints. In addition, the

differences in the welding microstructure among the investigated alloys are highlighted.

From the experimental results, it can be concluded that:

1. The tool rotation speed has a more significant effect on the generated peak
temperature, while the tool traverse speed controls the exposure time and subsequent

cooling rate.
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The combination of FSW parameters influences the soundness of FSW joints as they
have a significant effect on the stirring process and the flow of softened material in
the NZ.

The tendency of formation tunnel defects, cavity, and incomplete penetration in the
FSW joints increases when using higher weld pitch, as a result of insufficient plastic
flow and mixing time and improper heat input.

The initial BMs microstructure showed inhomogeneous grain structure with a mixture
of HAGBs and LAGBs. On the other hand, the different zones of the weld exhibit
very different microstructure, which is significantly affected by frictional heat and
plastic flow.

The microstructure of NZ exhibits an elliptical shape, and fine equiaxed grains
resulted from the CDR process with an increase in the fraction of HAGBSs.

Grain growth in the NZ occurs as a result of incomplete CDR or in particular when
exposure time at high temperature is very long.

The NZ microstructure showed the formation of the onion ring structure. In AA 6082
and AMC this structure consists of alternating layers of different grain size.
Meanwhile, in SAMC, it consists of alternating layers of aluminium alloy and
composite metal.

The TMAZ consists of rotated elongated grains inclined by around 45°, which is
resulted from severe plastic deformation.

. Ahomogeneous distribution of reinforcement particles (SiC) is obtained in the NZ of
AMC and SAMC with an increase in the volume fraction because of particles

refinement.
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7.2.2 Mechanical characterisation and residual stresses

The influence of the microstructural characteristics governing the structure-property of

FSW joints was studied, to provide a quantitative representation for the mechanical

properties including hardness, tensile, and low cycle fatigue behaviours of the FSW

joints. Also, neutron diffraction was used to measure residual stresses in the welded joints.

Based on the experimental results, it can be concluded that:

1. Grain size (Hall-Petch), reinforcement particle size (Orowan), dislocation interaction
(Taylor), and solid solution (strengthening precipitate) are the major strengthening
mechanisms in FSW joints, which are affected by thermomechanical effect during
FSW.

2. The main characteristic of the strengthening precipitate contributions is their localised
variations within various weld regions and their dependence on the starting condition.

3. The microhardness distribution of AA 6082 exhibited both ““V” and “W’’ shape
features based on the welding parameters. The hardness profile showed a drop in the
NZ due to the dissolution of strengthening precipitate, while in the TMAZ and HAZ
the hardness varies between the NZ and base materials due to the coarsening of
strengthening precipitate.

4. The microhardness profile of AMC FSW joints exhibited a typical ‘“W’’ shape
features under all welding conditions. The width of the minimum hardness zone varied
with the induced temperature and corresponded accordingly with the range of the HAZ
and TMAZ. The formation of fine grain and homogenous distribution of smaller
reinforcement particles leads to improved hardness based on Hall-Petch and Orowan

hardening mechanisms.
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10.

The hardness profile in SAMC FSW joints showed that there is no difference in the
measured hardness between the welding zone and base materials. This can be related
to the exposition of welded joints to thermal history similar to the initial heat treatment
condition, T1, cooled from an elevated temperature shaping process and naturally
aged.

The tensile strength of AA 6082 and AMC cross-weld FSW joints is lower than their
base metals. The drop in the tensile strength of FSW joints is related to the
strengthening precipitate, grain structure and mixing process. Meanwhile, the tensile
strength of SAMC FSW joints is nearly the same as the base metal.

The elongation of welded joints is dependent on the gradient in the grain size of the
cross-weld microstructure. The formation of an interface inclined by around 45° to the
loading direction acts as a shear plane and leads to an increase of the critical resolved
shear stress. Thus, the ductility of the welded joints increases as a result of less gradient
in grain size obtained.

The fatigue life of welded joints was lower than the as-received base metals, which
can be related to the physical appearance of the inclined TZ interface by around 45°.
This interface accelerates the crack initiation stage and reduces the fatigue life of FSW
joints.

The cyclic stress-strain curves of the AA 6082 and AMC FSW joints showed evidence
of progressive isotropic hardening to failure for all cyclic strain amplitudes, while the
BM showed less hardening ability.

The evolution of the stress in the as-received SAMC remains almost constant, while a

very slight cyclic hardening happens in the FSW joints.
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11. The neutron diffraction measurements mapped entire residual stress fields in the welded
materials. The results showed that the residual stresses exhibited a typical ‘“M’’ profile,
namely the HAZ showed the highest residual stress, while the centre of the joint
showed lower residual stress. The profile of residual stresses is quite symmetric, and
the longitudinal residual stress is higher than the transverse residual stress.

7.2.3  Finite element simulation

In the presented work, a 3D fully coupled thermo-mechanical finite element model
is developed based on Coupled Eulerian-Lagrangian technique using commercial finite
element software ABAQUS/Explicit. The model is used to simulate the plunge and
welding steps in FSW process and to predict the thermal history, material flow, and
residual stresses in aluminium alloy AA 6082-T6 FSW joints under different tool rotation
speeds. Experimental verification was performed through in-situ thermocouple
measurements, evolved macrostructure, and measured residual stress. From the finite
element simulation, it can be concluded that:

1. The FE results showed that the peak temperature in the FSW joint increased with the
increase of the tool rotation speed, and it is higher on the RS, which is in agreement
with the experimental outcome. The comparison between the experimentally
measured temperature and FE results highlighted the accuracy of the predicting peak
temperature in the NZ. However, there is an overestimate in the heat distribution on
the AS and RS and its increase by increasing the distance from weld centre.

2. The plastic deformation increases with the increase of tool rotation speed, and it is
observed that higher strain is found on the top surface of the workpiece as compared
to the bottom surface. The distribution of strain in FSW joint is non-uniform which

indicates the asymmetrical nature of the FSW process.
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3. The numerical results reveal that both tensile and compressive residual stress
components appear in the longitudinal and transverse direction of FSW joints, which

is consistent with the neutron diffraction measurement results.
7.3 Future works

This thesis aimed to investigate the applicability of FSW for three different
aluminium based alloys namely AA 6082, AMC, and SAMC and to provide a
fundamental understanding of the microstructure evolution and structure-property
development. Complementary to FSW experimental testing and evaluation, FE
simulations were also conducted to provide insight into the thermal history, material
deformation and residual stress distributions. On the basis of this work, some potential
work can be conducted in the future as highlighted below.

1. In this study, as FSW joints under different welding conditions were subjected to
detailed microstructural examination and property evaluation. There is a scope for
looking into using post weld heat treatment (PWHT) (T6) to improve the mechanical
properties of welded joints.

2. PWHT plays an essential role in residual stress relief for the welded structures. Therefore,
the evaluation of residual stress after PWHT is another area of work that is of interest to
the manufacturing industry.

3. After investigation of the feasibility of using FSW to join AMC and SAMC sheets for
the first time, the results show that these alloys can be satisfactorily welded by using
threaded cylindrical FSW tool. This work can be extended to study the effect of tool
profile on the mechanical properties.

4. In this study, the results of SAMC FSW joints showed a significant reduction in the

elongation of the welded joins, which was related to the improper mixing between the
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core composite and top and bottom aluminium layers and formation flow arm. Therefore,
using a stationary shoulder may lead to reducing this harmful effect. An initial trial had
been done at TWI and the results were very promising. Homogeneous surface
morphology, less mixing with a higher improvement in the elongation, was obtained.
Conducting high cycle fatigue for FSW joints will be beneficial since such data are
required in industry to estimate the life of structural components and to guarantee the
structural integrity, reliability, and longevity of the FSW joints.

In this study, the FE model was developed to simulate FSW of AA 6082. There is a need
to carry out a parametric study and considering a deformable tool. Also, this model may
be extended to simulate FSW of AMC and SAMC as till now there has no work
carried out on these materials. Therefore, it is believed that such a model would be
beneficial to simulate and analyze the welding process of the metal matrix
composites, which could be used to optimize the process parameters in order to

improve the quality of weldment.
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A. Thermal histories of AA 6082 FSW joints
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B. Cyclic deformation response of AA 6082 and FSW joints
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Stress, (MPa)

Cyclic deformation response of AMC and FSW joints
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D. Cyclic deformation response of SAMC and FSW joints
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