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ABSTRACT

Material processing is all about improving the materials that already exist, discovering
new ones, and finding original ways to use existing materials to produce high-quality,
cost-effective parts and systems. It is very evident from day to day life that everyday
technology keeps changing for better, to make life easier and simpler. As the technology
keeps on evolving, manufacturers and designers will be at ease knowing that quality is
not compromised. Friction stir processing is one of the new material processing

techniques, derived from friction stir welding.

The aim of this study was to characterize the mechanical behaviour of friction stir
processed TIG welded 5083 aluminium plate and friction stir processed FSW 5083
aluminium plate as compared to unprocessed friction stir welded 5083 aluminium plate
and TIG welded plate. Prior to the analysis of the plates, two 5083 aluminium alloy plates
were welded using the two different welding techniques i.e. friction stir welding and
Tungsten Inert Gas welding (TIG). The welded joints were then friction stir processed
(FSP) using the parameters used during the FSW. The friction stir processed (or
processed) joints were then cut and prepared for different analysis. This involved the
tensile tests, bending tests, hardness tests, macrostructure and microstructure analysis.
These analyses were performed so as to study the impact of applying the FSP on the
previously mentioned joints (FSW and TIG welded joints).

The unprocessed TIG welded joints were found to be the weakest joints amongst all the
joints studied in this work. The processed FSW joints were found to be the strongest
amongst the joints studied in this work. The characterized specimens were cut from
different locations of the plates i.e. the beginning, the middle and the end of the plate.
The specimens were also symbolized in a way representing their cut locations (A for the
beginning, B for the middle and C for the end of the plate). This then suggests that each
plate produced three specimens. It was noted that the behaviour of the unprocessed TIG
welded joint was uniform along with the plate while the other joints vary with location. The
specimens cut at the beginning of the plates were found to be weaker compared to the
one cut in the middle and the end of the plates. This trend was noted on the processed
TIG welded joints, unprocessed FSW and processed FSW welded joints. The results
showed a clear distinction between processed joints and unprocessed joints. There was
a good correlation observed between the microstructural results, bending and the tensile
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results. Refined grains were also observed on the microstructure of the processed weld
joints. It was noticed that the hardness value of the processed joints was higher
compared to that of the base material. The detailed correlation between the

microstructure and the macrostructure is reported in the main text.
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CHAPTER ONE

INTRODUCTION

1.1 Introduction

Aluminium and its alloys are used in many fields, whether in daily life or industrially. The
reasons why aluminium and its alloys are common use is because they have low density,
easy to work with, high electrical conductivity and high heat conductivity [Cevik et al.,
2012]. Among the most striking characteristics of aluminium is its versatility. More than
300 alloy compositions are commonly recognized, and many additional variations have
been developed worldwide. The most outstanding features which makes aluminium the
most economical and attractive metal for various applications are appearance,
fabricability, physical properties, mechanical properties and corrosion resistance [Totten
& Mackenzie, 2003].

Aluminium alloys are divided into two major categories namely cast compositions and
wrought compositions. The casting compositions are recognised by a three-digit system
followed by a decimal value. The decimal .0 in all cases relates to casting alloy limits.
Decimals .1, and .2 are ingot compositions, which after melting and processing should
result in chemistries conforming to casting specification requirements. The cast
categories include the 2xx.x series (Al-Cu), the 3xx.x series (Al-Si + Cu or Mg), the 4xx.x
series (Al-Si), the 5xx.x series (Al-Mg), the 7xx.x series (Al-Zn), and the 8xx.x series (Al-
Sn). The 2xx.x, 3xx.x, 7xx.x, and 8xx.x alloys can be strengthened by precipitation
hardening, but the properties obtained are not as high as for the wrought heat treatable
alloys [Park, 2015].

The wrought aluminium alloys are divided into heat treatable and non-heat treatable
alloys. Wrought heat treatable alloys can be precipitation hardened to develop quite high
strength levels. These alloys include the 2xxx series (Al-Cu and Al-Cu-Mg), the 6xxx
series (Al-Mg-Si), the 7xxx series (Al-Zn-Mg and Al-Zn-Mg-Cu), and the aluminium-
lithium alloys of the 8xxx alloy series. The 2xxx and 7xxx alloys, which develop the
highest strength levels, are the main alloys used for metallic aircraft structure. The
wrought non-heat-treatable alloys cannot be strengthened by precipitation hardening;

they are hardened primarily by cold working. The wrought non-heat-treatable alloys
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include the commercially pure aluminium series (1xxx), the aluminium-manganese series
(3xxx), the aluminium-silicon series (4xxx), and the aluminium-magnesium series (5xxx).
While some of the 4xxx alloys can be hardened by heat treatment, others can only be

hardened by cold working [Davis, 2001].

The 5083-H111 aluminium alloy, from the wrought alloy 5xxx series, was selected to be
utilized in this study. Generally, the 5xxx offer outstanding corrosion resistance, making
them suitable for marine applications. The 5083 alloy has the highest strength of the
non-heat treatable alloys but is not recommended for use in temperatures exceeding
65°C. The alloy is highly resistant to be attacked by both seawater and industrial chemical
environments [Totten & Mackenzie, 2003]. Alloy 5083 also retains exceptional strength
after welding in comparison to other alloys. The use of high strength aluminium alloys in
the shipbuilding is increasing. The benefit of using aluminium material in building
structures is the fact that aluminium is lighter in weight which contributes to the reduction
of power consumption while increasing the cargo capacity. In as much as using
aluminium for structures is beneficial, there are very limited techniques available used to
join aluminium alloys. The most used technique includes Tungsten Inert Gas welding

(TIG) and the emerging one called Friction Stir Welding.

1.1.1 Tungsten Inert Gas Welding

Tungsten inert gas welding by definition is a welding method that uses a tungsten
electrode and a filler rod to weld metals together [Cetinel and Mehmet, 2014]. TIG
welding is referred to as Gas Tungsten Arc Welding (GTAW) in USA and Wolfram Inert
Gas Welding (WIGW) in Germany [Ahmad & Arya, 2018]. TIG welding is one of the oldest
material joining process which was invented during world war-Il [Waleed & Subbaiah,
2017]. This welding method is used to form high quality welds of a variety of materials
such as aluminium, stainless steel, titanium etc. This process is best suited for joining
thin sections. In TIG welding, an electric arc is formed between an inconsumable
tungsten electrode and the workpiece (base metal). The arc provides the thermal energy
to melt the workpieces as well as the filler if necessary [Munoz et al., 2017]. Non-
consumable electrodes come in various sizes and lengths and are typically made of pure
tungsten or an alloy of tungsten and other elements and oxides. The tungsten electrode
is shielded by a gas nozzle in order to use shielding gas more effectively. 100% pure

argon is the most preferred used shielding gas, to protect the weld pool from oxidation
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and from nitrogen absorption, but sometimes helium is used too [Waleed & Subbaiah,
2017].

During the TIG welding heat is generated through the arc of electricity which moves from
the tungsten electrode to the base metal surface to be welded. TIG welding utilizes a
suitable power source, a welding torch having connections of cable for current, tubing for
shielding gas supply, and tubing for water for cooling the torch. The electrode is mounted
in a special electrode holder. This electrode holder is also designed to furnish a flow of
inert gas around the electrode and around the arc. Welding operation is done by striking
the arc between the workpiece and tungsten electrode in an atmosphere of inert gas.
The arc is struck either by touching the electrode with a scrap metal tungsten piece or
using a high-frequency unit. After striking the arc, it impinges on the workpieces forming
a molten weld pool. The welding is started by moving the torch along the joint and is
stopped at the other end by increasing the arc length. The shield gas is allowed to
impinge on the solidifying weld pool for a few seconds even after the arc is extinguished.
This will avoid atmospheric contamination of the weld metal. The welding torch and filler
metal are generally kept inclined at angles of 70 degrees — 80 degrees and 10-20
degrees respectively with the flat workpiece [Ahmad & Arya, 2018].

1.1.2 Friction Stir Welding

Friction stir welding (FSW) is defined as a unique welding method and new invention for
the welding technology world. FSW is recognized as a very attractive joining method for
aluminium because of its many superior features, such as small degree of initial
imperfections, low level of energy consumption and there are no harmful gas emissions
[Paik, 2009]. FSW technology is mostly used in building various aluminium structures,
such as railcars, automobiles and bridges. FSW process is said to be energy efficient,
environmentally friendly and versatile. FSW is the most significant development in metal

joining in almost three decades [Mishra and Ma, 2005].

The FSW technique works as follows: The work-pieces are clamped on the bed of the
machine to avoid movements during welding. Work-pieces should be abutting meaning
that both parts should be kept side to side at a particular distance from each other. Blunt
or probe tool is then inserted. The shoulder gets in touch with the abutting edges. The

rotating tool starts to be in contact with the pieces to be welded and create heat due to
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friction. This heat makes the metal to melt plastically. When the metal gets plasticized
the high downward forces or pressure keeps the plasticized material to form weld [Grill,

2017).

FSW is suitable to join high-strength aluminium alloys (7075, 6061,6063, 2024, 5052)
and other metallic alloys that are difficult to weld by conventional fusion welding. The high
strength and ductility of the material rely on the microstructural arrangement of that
particular material. The fine and homogenous grain size yield better mechanical
properties of a material. This then suggests that there should be a process which can be
used to improve the material’'s mechanical properties post its production. Friction stir
processing was found to be one of the mechanical techniques that could be used to

improve the mechanical properties of the material [Mcnelley, 2011].

1.1.3 Friction Stir Processing

Friction stir processing (FSP) is a solid-state technique involving the use of a non-
consumable rotating tool to refine and homogenize microstructures in metallic
components or metals. It is among the allied processes of friction stir welding which were
originally developed by The Welding Institute. Friction Stir Processing uses the same
principle as friction stir welding (see figure 1), but does not join metals rather modifies

the local microstructure in the near-surface layer of metals [Sun, 2009].

Traverse

Tool Direction

FSP
Lone

Prob
Work / g*— robe
Flat shoulder

Piece

Figure 1: Schematic diagram of FSP setup and rotating tool [Sun, 2009].

To perform friction stir process to a certain location on a plate or sheet, a specially

designed cylindrical tool is used. The rotating pin contacts the surface and rapidly friction
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heats and softens a small column of metal. The tool shoulder and length of entry probe
control the penetration depth. When the shoulder contacts the metal surface, its rotation
creates additional frictional heat and plasticizes a larger cylindrical metal column around
the inserted pin. The shoulder provides a forging force that contains the upward metal
flow caused by the tool pin. During FSP, the area to be processed and the tool are moved
relative to each other such that the tool traverses, with overlapping passes, until the entire

selected area is completely processed [Kumar et al., 2012].

1.2 Problem Statement

Materials processing is as old as civilization. England started machine automation for
forming, shaping and cutting in 18" to the 19" century. Since then, materials-processing
methods, techniques, and machinery have grown tremendously. Selection of material
with specific properties is the key parameter in many industries, especially in the aircraft
and automotive industries [Sun, 2009]. This study presents a comparative analysis
between the mechanical properties of the friction stir processed TIG — welded joints and

friction stir welded 5083 aluminium alloy joints.

1.3 Research Background

The concept of FSP is considered as being moderately new which then suggest that
there are many areas which need a thorough investigation to optimize the process and
make it commercially practical. As it was mentioned in the introduction that FSP is mostly
used to improve the mechanical properties of the material. This suggests the alteration
of the microstructure i.e. the refinement of the grain size and rearrangement of the grains.
In order to obtain the finer grain size and rearrangement of grains in a material, certain
process parameters like rotational and translation speeds, tool geometry etc., are to be
controlled [Darras, 2005]. Several investigations are being carried out in order to study

the effects of these process parameters on the grain structure and mechanical properties.

FSP is the latest microstructure modification technique and was derived from FSW which
was invented by The Welding Institute (TWI) of the United Kingdom in 1991 [Grill, 2017].
FSP has recently become an efficient tool of homogenizing and refining of the grain

structure of the metal. Therefore, it has great potential in the field of superplasticity.
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Freeney (2007) did a study on the feasibility and benefits of using friction stir processing
as a thermo-mechanical microstructural modification tool for enhancement of magnesium
alloys, specifically high strength EV31A and WE43. The employment of FSP resulted in
the grain size reduction on EV31A. It was further discovered that FSP brought about the
breakage and dissolution of second phase particles. The results showed significant
strength and ductility improvements post FSP. FSP was also found to be a good
technique in refining the microstructure of AM60 magnesium alloy [lwaszko et al., 2016].
There was a notable improvement on the microstructure of the processed magnesium
alloy compared to the unprocessed one. The FSP technique also brought an elongated
and deformed grain distributions along the TMAZ region. These grains were also found
to be homogenous compared to the unprocessed magnesium.

Saini et al. (2015) modified the surface of cast Al-17%Si alloys using friction stir
processing. The aim of this modification was to evaluate the effect of input process
parameters of friction stir processing to enhance the mechanical and tribological
performance of the cast hypereutectic Al-17%Si alloy. It was discovered that the
microstructure of cast alloy was improved and the Si was uniformly distributed. The
reduction in porosity was prominent. The hardness and tensile properties were improved
compared to the raw material. The tensile elongation was increased from < 2 % to about
9 %. The impact of processing the 6mm thick aluminium AA7075 — T651 was studied by
Murthy and Rajaprakash (2018). This study focused more on evaluating the tribological
and mechanical properties of this material. The results showed that the hardness, wear
rate of the friction stir processed was enhanced by 44% and 60% respectively compared

to that of the unprocessed material.

Based on the previous work, it is apparently clear that FSP could be employed to enhance
the properties of a single piece of material. There is no trace of the previous work where
the FSP is used as the post-processing on welded joints. This work is looking at analysing

the processed TIG and FSW welded joints.

1.4 Research Objectives

The objectives of the research are as follows:

e To characterise the mechanical properties of friction stir processed TIG welded

and friction stir welded 5083 aluminium plate.
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e To compare the processed joints with some unprocessed ones

1.5 Review of Related Literature

This section gives a summarized version of work previously performed on FSP to improve
mechanical properties of the material. The first work on FSP was reported by Mishra et
al. (1999) where they used FSP in enhancing the strain rate plasticity of 7075 aluminium
alloy. Since then, FSP was employed to perform various modifications and this includes

the fabrication of surface composite.

Mcnelley (2011) investigated the refining of microstructure and improvement of
mechanical properties of the continuously cast AA5083. The process parameters used
were a tool rotation speed of 800rpm, a traverse speed of 76.2mm/min and a step-over
distance of 2mm. The results showed grain reduction from 70um in the base metal to
4um in the friction stir processed zone. Furthermore, the results showed improved
ductility of the FSP material which correlated to grain refinement and microstructure

homogenization.

The processing of cast aluminium A206 plate reduced the size of the grains compared to
the unprocessed regions of the plate. The microhardness was increased compared to
the unprocessed regions. The processing of this material was also found to have
contributed towards the improvement of its tensile strength [Sun, 2012]. There are
different types of parameters that are involved in FSP. This includes welding speeds,
rotational speeds, etc. The good combination of these parameters suggests the
achievement of a good product. SSM 356 aluminium alloy was used to study the impact
of welding and rotational speeds towards the mechanical properties of this material
[Chainarong et al., 2014]. These speeds were varied with the purpose of obtaining the
optimum combination. The rotational and travelling speeds of 1750 rpm and 160mm/min
were found to be optimal values in obtaining an improved result. The results from this
study showed a notable increase in microhardness and tensile strength of the processed
region compared to the unprocessed one. The microstructural analysis also showed

homogeneity on the processed region compared to the unprocessed one.

Sanusi and Akinlabi (2017) did a study on the employment of FSP technique in

developing surface composites of aluminium alloy (AA 1050) reinforced with titanium
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carbide (TiC) powder. The process parameters used were the rotational speeds of
1200rpm and 1600rpm and the travel rates of (100, 200 and 300) mm/min. The tests
conducted in this work were the characterization of the microstructure, microhardness
profiling and wear resistance tests. The results obtained from their study revealed that
the microhardness profiling of the processed samples increased the hardness value
compared to the parent material. The wear-resistance test results confirmed that the FSP

technique enhanced properties in the surface region.

Based on relative literature, FSP has successfully refined the microstructure at the
processed area which resulted in improved mechanical properties of different aluminium
alloys. This therefore means FSP is one of the best processing technique for aluminium
alloys. In this study FSP will be taken to task as a post-processing technique for TIG and
FSW weld joints, analysing its impact on the respective mechanical properties.

1.6 Dissertation QOutline

Chapter one presents the introduction, background, research objectives and the review
of relative literature of FSP. Chapter two presents the detailed literature relative to the
study and a summary about the reviewed literature. Chapter three presents the details
about experimental setup and performances. Chapter four presents the results and
discussions. Chapter five presents the conclusions for the study based on the results

obtained.
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CHAPTER TWO

LITERATURE REVIEW

This chapter presents a detailed literature review related to our research. The main focus
is based on three subtopics which are the core of this study i.e. FSW, TIG and FSP.

2.1. Friction Stir Welding

The mechanical properties of friction stir welded joints of a 5 mm thick 1050 — H24
aluminium alloy were studied by Liu et al. (2013). The process parameters used included
a tool tilt of 3°, tool rotation of 1500rpm and travelling speed ranging from 100 till
800mm/min. The tensile tests were executed for the evaluation of the mechanical
properties of the FSW joints. The maximum tensile strength of the joints was found to be
equivalent to 80% (178.68MPa) of that of the base material which was 100MPa.

The literature revealed the friction stir welding of similar aluminium alloys (6061 to 6061)
using a 4mm thick plate [Rao and Rao, 2017]. Variable process parameters were
employed to analyse the influence of microstructural and tensile properties. All welds
were found to be defect free. FSW results showed an increase in the ultimate tensile
strength and yield strength from 120MPa, and 55MPa to 240.78MPa and 215.54MPa
respectively. Tensile strength and ductility showed more improvement when compared
to the base material. FSW resulted in the Vickers microhardness (HV) of 370.

Aluminium alloy 2021-T4 sheets were friction stir welded by Yue et al., (2018). A 15mm
diameter shoulder tool was used in the study to guarantee sufficient heat input during
FSW. The root and tip diameters of the pin were 6mm and 5mm respectively. The length
of the pin was 0.6mm. The results showed hardness of the stir zone showed a decrease
of about 6% compared with that of the base metal. A maximum tensile strength of
399.5MPa and an elongation of 5.6% were achieved at 1000 rpm and 150 mm/min. The
obtained UTS results showed an increase of 9.45% in comparison to the AA2021-T4
base metal. The SEM results showed the fracture morphology of a typical ductile fracture

mode.
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The microstructure and mechanical properties of friction stir welded AZ61 magnesium
alloy joint was studied by Singh et al. (2018). A 4mm thick with 150mm length and 50mm
width AZ61 magnesium alloy plate was utilised. The tool with a shoulder diameter of
18mm, the pin diameter of 6mm and the pin length of 3.8mm was used. The constant
rotational speed of 1400rpm and a travelling speed of 25mm/min were utilized in this
study. The tests performed on the joints were welding defects, microstructure,
microhardness and tensile tests. The UTS of 220MPa, the yield strength of 175MPa and
the elongation of 7.2% were obtained from the results. The weld joint UTS had a decrease
of 29.03% while yield stress showed an increase of 34.62% in comparison with the parent
material. Elongation also showed a decrease of 55% in comparison with that of the parent
material. The dimples observed on the fractured surfaces indicated that the joint failed in
a ductile mode.

2.2 FSW of Aluminium Alloys

The FSW welded joint of AA6351 aluminium alloy was recently analysed in comparison
to the parent material [Palanivel et al., 2011]. The AA6351 plates with dimensions of
100mm long, 50mm wide and 6mm thick were used. The controlled parameters used for
this study were welding speed of 2.5mm/min, rotating speed of 1500rpm and an axial
force of 2kN. The tensile tests were conducted. The decrease in some values of FSW
results was noted. The UTS, yield strength and percentage elongation were lower when

compared to those of the base material.

A similar study was also performed on the 6061-T6 aluminium alloy [Chandu et al., 2014].
A 6mm thick, 150mm length, 70mm width AA6061-T6 was used. The welding parameters
used were the tool rotation of 1200rpm, the axial force of 7kN and welding speed of
28mm/min. The tensile tests and Brinell hardness tests were conducted. The FSW results
showed increased maximum vyield strength, UTS and percentage elongation. The

hardness had a notable increase of 76.3% compared to the base material.

The AA5086 plates were friction stir welded with the aim to analyse the microstructural
characterization, mechanical properties and corrosion resistance [Chen, 2014]. The
AA5086 plates were friction stir welded vertically to the rolling direction with a travel
speed of 20mm/min and a rotational speed of 1000rpm. The tests conducted included
the tensile tests, microhardness tests and microstructural tests. The tensile results

obtained were the elongation of 16.7%, UTS of 300MPa and yield strength of 237MPa.
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As compared to the BM, FSW had lower tensile and yield strength values, which
attributed to the weld zone having a lower hardness than the BM. However, the ductility
of the two FSW specimens increased as compared to that of the BM. The FSW tensile
results were found to be inversely proportional to those of the hardness (HV) which
showed a decrease compared to base material ones. The fracture surfaces of tensile
specimens were characterised using SEM. The fractographs showed dimpled fracture
patterns of a typical ductile morphology. The tensile results correlated with the
microstructural results giving refinement in grain sizes of the FSW weld joint when

compared to the base material one.

The investigation on the mechanical properties on friction stir welding of a 4mm thick
AA5052 was conducted by Nur et al. (2017). The welding parameters used for FSW
included 50mm/min welding speed, 1300rpm rotating speed for the first batch. Process
parameters for the second batch were 208mm/min and 855rpm for welding speed and
rotating speed respectively. The mechanical properties analysed included tensile
strength and flexural strength. The ultimate tensile strength was found to be 222.1MPa
and 213.4MPa for first and second batches of the specimen. The obtained friction stir

welded AA5052 UTS results for both batches were lower than that of the base material.

It was demonstrated that the milling machine can be reconfigured such that it performs
FSW [Sarma, 2018]. In-house design and manufacturing of the tools were performed
using steel. The optimum parameters of 1000rpm and 80mm/min for rotating speed and
traverse speed were selected for the performance of welding. The mechanical properties
of the joints were analysed by the performance of tests and hardness tests. The results
showed an increased hardness for the welded joints in comparison with base metal
hardness. The UTS for the FSW specimen was 66.89MPa which was far lower than that
of the base metal (310MPa). This decrease in the UTS was assumed to be caused by
the vibration of the tool due to its eccentricity. Furthermore, there was an inverse

relationship between the UTS and hardness of the welded joints.

2.3 TIG Welding of Aluminium alloys

Narayanan et al. (2013) TIG welded the aluminium alloy 5083. The welding parameters
used were the welding currents of 200A and shielding gas flow rate of 15 I/min. Various
tests like a tensile test; microhardness, macrostructure and microstructure study were

conducted on the welded specimens. The test results showed the ultimate tensile
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strength of 281MPa, the hardness of weld metal of 73.5HVN. The obtained results were
lower in comparison with the commercial mechanical properties of the AA5083 in which
the UTS is 317MPa and hardness is 96HVN. In the heat affected zone precipitates were
formed resulting in less elongation and increase in hardness, so the brittleness of material
increased and the tensile strength of material decreased when compared to the base

material.

A study on improving the welding quality of AA6031 plates using an automated TIG
welding system was performed by Mohan (2014). The welding parameters used were
current of 180A, 50V voltage, welding speed ranged from 3.5-5mm/s, and a gas flow rate
of 8-10l/min. The results showed a maximum tensile strength of 111.9MPa which was
much lower than the tensile strength of the pure aluminium (90MPa). Additionally, the
tensile strength of the weld joint seems to be depending on some welding parameters
(welding speed and welding current). The tensile strength value of the welded joint
decreased from about 110MPa to 75MPa as the welding speed increased from 3.5mm/s
to 5mm/s. The hardness value of the weld zone change with the distance from weld
centre due to change of the microstructure. For both sides, the welding tensile strength

was found almost equivalent to the strength of base material.

The 12mm thick 5083 aluminium alloy was successfully TIG welded for the examination
of the microstructure and mechanical properties on the welded joint [Xuebao, 2014]. A
12mm thick AA5083 plate and an ER536 filler wire were used. The results of the welded
joint showed a fine and homogeneous microstructure in comparison to the base metal.
The microstructure in the HAZ was slightly coarsened compared to the microstructure in
the weld. The tensile strength of welded joints was over 90% of that of 5083 base metal.
The welded joint had high strength and ductility when compared to the base material

ones.

Singh et al. (2015) reported the mechanical properties of TIG welding at different
parameters with and without the use of flux. The welding parameters used in the study
included the welding current range of 105-140A, arc voltage of 16-18V, electrode
diameter of 1.6—2.4mm and the gas flow rate of 8-10l/min. The results showed that the
hardness (HRC) decreased from 65 to 60.2 (without flux), and from 58 to 52.5 (with flux)
when the current increased from 105 to 140A. The results also showed that the increase

in diameter of an electrode resulted in an increase in the hardness value. Additionally,
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the hardness of the weld joint was less in the case of welding without flux as compare to

welding with flux.

The literature also reveals that the AA7005 aluminium alloy plate could be welded
through the use of TIG welding technique [Patil and Shelke, 2016]. The parts to be joined
in the study were arranged such that a V-groove butt joint was formed. The welding
parameters used were the argon shielding gas, electrode diameter 3/32”, root gap of
Omm, filler material of AA5356, filler material diameter ranging from 1.5 to 2.4mm and
welding voltage ranging between 50 and 100V. Oxide flux powder SiO, was used along
with acetone. The results showed the tensile strength increased from 347MPa to 356 MPa
with the increase in welding parameters (welding current, welding speed and gas flow
rate). The results also showed that the hardness (BHN) increased (from 92 to 98) with
the welding parameters. The results of the UTS and Hardness showed a great increase
when compared to the base material ones.

Kumar-Singh et al. (2018) analysed the mechanical properties and microstructure of the
AA5083 on the TIG welded joints. A constant current of 134A and gas flow rate of 7I/min
were used during welding. The results revealed that tensile strength increased with the
increase in welding speed but this linear relationship was noted until the speed of
100mm/min. Subsequently, after 100mm/min, the tensile strength started to decrease as
the welding speed continued to increase. The welding speed, current and gas flow rate
were found to be very important parameters which were directly affecting the tensile
strength of welded specimen and also plays an important role in metallurgical changes.
The microstructure of the weld pool showed a refined grain size in comparison to the

base metal.

2.4 FSP of Aluminium Alloys

The microstructural and mechanical characterization of the AA5086 through the use of
FSP was reported in the literature [Pradeep et al., 2012]. The processing was carried out
at a constant rotation speed of 1025rpm and at a traverse speed of 30mm/min. The tests
conducted include microstructure tests, tensile tests and hardness tests (HV). The results
showed an increase in the UTS and hardness of the processed single pass and multipass
plates compared to those of the base material. The observed increase correlated with

the microstructural grain size refinement in the nugget zone.
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The effect of FSP on the mechanical properties of friction stir welded 7075 aluminium
alloys plates was discovered by Resan et al. (2014). The process key parameters used
were the rotating speed of 1700rpm and traverse speed of 40mm/min. The results
showed that FSP increased the ultimate tensile strength from 390MPa to 434MPa and
this is equivalent to a 9.3% improvement. There was about 5.2% notable increase in FSP
hardness results compared to FSW. Furthermore, FSP produced refined microstructure

grain sizes in comparison with FSW.

The 7039 aluminium alloy was friction stir processed for the analysis of mechanical
properties in comparison to the base material ones [Sinhmar et al., 2015]. The modified
surfaces were characterized in respect to macrostructure, microstructure, hardness and
tensile properties. The results showed an increase in ductility from about 13.5% to 23.6%
while the ultimate and yield strength were adversely affected. The results showed higher
ductility on the longitudinal direction than in traverse direction. The multi-pass friction stir
processing produced higher hardness than the single pass one. The friction stir
processed AA7039 hardness test results were found to be lower than that of the

unprocessed alloy.

Jweeg et al. (2015) did a comparative study on the mechanical properties of a friction stir
processed aluminium alloy 5086-H32 in comparison to friction stir welded joint ones. The
process parameters used for both FSP and FSW were rotational speed which consisted
of three different rotational speed (750, 1000 and 1250) rpm and a traverse speed of
40mm/min. Tensile tests, bending tests, microhardness, microstructure tests were
performed to analyse the mechanical properties. There was an observed increase in UTS
results for the processed joint compared to the unprocessed one. The FSW joints showed
lower bending force compared to that of FSP. Additionally, the microstructural grain sizes
of FSP welded joints were slightly finer than FSW joints. The hardness (HV) of the FSP
joints was higher than that of FSW joints. There was a correlation between the hardness
and microstructural results of the FSP joints, as the hardness increased the

microstructure grain sizes were refined.

The effect of FSP on AA2024-T3 was studied by Fadhel et al. (2015). A 5mm thick,
250mm long and 100mm wide plate was used. A vertical milling machine was used for
the friction stir processing of the plate. The process parameters used included the flat
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pinless cylindrical shoulder of 10mm, rotational speed of 945rpm and a traverse speed
of 85mm/min. Tensile test, microstructure analysis and hardness test were conducted.
FSP resulted in an increase of hardness compared to the base material. An increase in
the yield strength, percentage elongation and UTS compared to those of the base
material was noted. The microstructure grain size refinement correlated with the tensile

and hardness test results.

The rotating speed of 1300rpm and traverse speed of 60mm/min were used for the
friction stir processing of 6061-T6 aluminium alloy [Salman et al., 2016]. The same
parameters were used for FSW of the same alloy. The mechanical properties of FSP
were studied comparatively with the FSW ones. The results showed a notable increase
in UTS of the processed FSW compared to the unprocessed one. The increase in the
tensile properties correlated with the microstructural grain size refinement of the
processed alloy.

The investigation on the microstructure and tensile properties of friction stir processed
Al-Si alloy was performed by Abdulmalik et al. (2018). A 5mm thick plate and a conical
pin with an overlap of 50% were utilised. The main processing parameters used included
fixed tool rotation speed of 1400rpm, traverse speed of 42mm/min and a tool angle of 3°.
The results showed a high increase in percentage elongation of the processed plate in
comparison to that of the base material. There was a notable increase present in the UTS
of the processed plate compare to the BM correlating the refinement in the FSP grain

size.

The microstructural modification of AA206 through the use of FSP was also reported in
the literature [Sun et al., 2018]. This modification was performed so as to comparatively
evaluate the mechanical properties of processed and unprocessed AA206 material. A
6.26mm and 16mm thick plates were used for tensile and fatigue test respectively. The
two key processing parameters were tool rotation speed of 1000rpm and tool traverse
speed of 50.8mm/min. The results showed an increase in both yield strength and UTS
after FSP when compared to those of the base metal. There was a notable improvement
in yield strength and UTS on the processed plates compared to the base material. The
percentage of elongation and fatigue strength also increased compared to the
unprocessed ones. The increase in these properties correlates with the grain size
refinement and homogeneity.
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AA6061-T6 plate was friction stir processed using various process parameters [Gopan
et al.,, 2018]. The key parameters used included tool rotational speed of 500rpm,
transverse feed of 14mm/min and plunge depth of 3.1mm. It was observed that the
increase in rotational speed led to a decrease in hardness value. There was a notable
increase in the hardness value of the processed AA6061-T6 compared to the

Unprocessed ones.

The effect of friction stir processing welding parameters on the microstructure and
mechanical properties of A384 aluminium alloy was successfully evaluated [Abdel-Aziz
et al., 2018]. Water was used as a cooling medium during the process in the study. The
results revealed higher values of tensile properties at the rotational speed of 1200 rpm
and travel speed of 80 mm/min. There was an improvement in the processed UTS and
YS in comparison to the base material ones. The microstructure results revealed that
FSP refined the grain sizes which contributed to the and improvement of ductility.

2.5 Summary

In all the work that has been performed thus far, it has been noted that all the focus has
been on FSP as an enhancement technique on aluminium alloys, magnesium and other
alloys. It is also noticed that the common mechanical properties analysed include the
tensile test, fatigue and microhardness. These properties are studied correlatively with
the microstructure. The 6mm thickness seems to be the most used thickness towards
the performance of either FSW or FSP. Little to no work reported which has considered
FSP as a post weld processing technique for TIG joint. The focus of this study was based
on using FSP as a post-processing technique to the weld joints of TIG and FSW. The
mechanical properties of the processed joints are studied comparatively with the

unprocessed ones.
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CHAPTER THREE

EXPERIMENTAL SETUP AND PERFORMANCE

This chapter discusses the equipment used in performing all the experiments related to
our study. This includes the welding techniques used in producing the welds that were
friction stir processed. There are two welding techniques (FSW and TIG) employed in
producing the required welds for our experiments. The welding conditions are being
explained in this chapter. The details about the tests that were performed to the
processed welds are also given with details in this chapter.

3.1 Welding Setup

The following are the equipment used in producing the welds:
e Guillotine Shear master cutting machine
e TIG machine

e Friction stir welding machine

3.1.1 Guillotine Shear Master Cutting Machine

The guillotine shear master machine illustrated in figure 3.1.1 is a multipurpose machine
used in the cutting of alloys and other sheet metals into desired dimensions. The first
step before using the shear master is to mark the plates or sheets to be cut for easy
alignment. The plates get aligned with the shear master blade using the markings, then
the cutting blade is lowered by pressing the foot pedal to execute the cutting. The cut off

piece falls off to the box provided.
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Figure 3.1.1: Guillotine shear master cutting machine.

3.1.2 TIG Welding Equipment

Figure 3.1.2 shows the TIG welding machine. The machine and its operating procedure
were defined and explained in chapter one section 1.1.1.

Figure 3.1.2: TIG welding machine.
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3.1.3 Friction Stir Welding Machine

The friction stir welding machine was successfully achieved from converting a
conventional milling machine (see figure 3.1.3). More emphasis on FSW has already
been given in chapter one, section 1.1.2. The same machine can also be used for friction
stir processing technique.

Figure 3.1.3: FSW machine.

3.2 Welding Performance

The plates were welded using the two previously mentioned techniques i.e. friction stir
welding and TIG welding techniques. Prior to welding, the plates were cut into dimensions
suitable for the FSW bed since the friction stir processing was performed using the FSW
machine. Guillotine machine was used to cut the 6mm thick aluminium plates into 70mm

wide and 530mm long. Figure 3.2 shows the cut plates ready for welding.

Figure 3.2: Aluminium set of plates used.
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3.2.1 TIG Process

It should be noted that the TIG welding was outsourced due to the technical problems

experienced by our TIG welding machine. The TIG welded plate is shown in figure 3.2.1.

B
.
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Figure 3.2.1: TIG welded plate.

3.2.2 Friction Stir Welding

Friction stir welding was performed on the two AA 5083 6mm thick plates. The plates
were fixed to the FSW machine bed using bolt and clamps to avoid movements during
the FSW process (see figure 3.2.2 (a)). FSW was successfully carried out using a tool,
presented in 3.2.2(b). The tool was made of tool high carbon steel material and this tool
was a fixed type of a tool, meaning that the probe was fixed and was suitable for this kind
of study since the workpieces had a uniform thickness. The diameter of the tool shoulder
was 20mm, and at the end of the shoulder was a tapered probe with the length of 5mm.

The tilt angle used during welding was 3°.
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Figure 3.2.2: (a) FSW process.
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Figure 3.2.2: (b) Pin dimensions in mm.

Single pass welding procedure was used to fabricate the joints. No special treatment was
carried out before welding. The welding parameters used for FSW are as presented in
Table 3.2.2.
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Table 3.2.2: FSW parameters.

Rotational Speed | Welding speed | Vertical force | Traverse speed
(rpm) (mm/min) (kN) (mm/min)
1000 30 15 40

In performing the friction stir welding, the two aluminium alloy plates were clamped
together tightly on the reconfigured milling machine bed. The welding speed, traverse
speed and rotational speed were set. The rotating friction stir welding tool was plunged
into the plates and kept stationary for a few seconds. This was done so as to allow the
temperature to stabilize. The rotating tool was then released so that it travelled along
both edges of the two plates that were welded. The rotating tool travelled from the start
to the end of the plates resulting in the attainment of the weld. The tool was then

unplunged, leaving a small hole as shown in figure 3.2.2(c).

Figure 3.2.2: (c) FSW plate.

3.2.3 Friction Stir Processing

Friction stir processing was performed on the friction stir welded joint and on the TIG
welded joint using the reconfigured milling machine. The parameters used to perform
FSP welding were the same parameters used to perform FSW (Table 3.2.2). The
performance of the FSP on the FSW welded joints is depicted in figure 3.2.3(a). The
processed FSW plate shown in figure 3.2.3(b) has two small holes towards the end. The
holes were made by the tool as it was unplunging at the end of the FSW process and
FSP process. Figure 3.2.3(c) depicts the FSP performance on the TIG welded joint. The
processed TIG welded plate is shown in figure 3.2.3(d) with one FSP unplunged hole.
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Figure 3.2.3: (c) FSP application on TIG plate setup.
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Figure 3.2.3: (d) Processed TIG joint plate.

3.3 Weldments Analysis Preparation

The following are the list of equipment and techniques used in analysing the weld joints
obtained through the steps explained under section 3.2:

e EDM Wire Cut Accutex AU-5001A Machine

e Struers Labopress-3 Mounting Press Machine

e Struers LaboPol-5 polishing machine

3.3.1 EDM Wire Cut Accutex AU-5001A Machine

Wire cutting is a cutting process whereby a thin single brass strand wire is fed through
the workpiece that is submerged under water. The EDM wire cutting (see figure 3.3.1)
exerts no cutting force on the workpiece and introduces no residual stress [Rogers,
2018]. Another advantage of wire cutting is that it has the finest surface finish, no
additional polishing or finishing needed. The EDM wire cutting machining works by
creating an electrical discharge between the wire and the workpiece. As the spark jumps
across the gap, the material is then removed from the workpiece and the electrode. Due
to the inherent properties of the process, the machine can easily machine complex parts
and precision components out of hard conductive materials.
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! &
Figure 3.3.1: Wire cut machine.

3.3.2 Struers Labopress-3 Mounting Press Machine

The Struers labopress-3 machine shown in figure 3.3.2 is a machine that is used for
mounting specimen in a hard epoxy resin. The mounting machine works by placing the
specimen on the ram. A suitable resin is then filled into the cylinder through the funnel.
The mould release agent is applied to all accessible surfaces of the upper ram. The top
closure is placed on the mounting cylinder and pressed down counter clockwise. The
next step is to set the force, heating time, heating temperature and cooling time, the

process runs automatically as the start button is pressed.
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Figure 3.3.2: Mounting press machine.

3.3.3 Struers LaboPol-5 polishing machine

The Struers labopol-5 presented in figure 3.3.3 is a polishing machine that grinds and
polishes any kind of metals. The machine works by mounting a selected grinding or
polishing disc onto the machine, then the speed is set (ranging between 50 - 500 rpm).
The start button is then pressed to start the polishing process until the desired surface

finish is riched.

Figure 3.3.3: Polishing machine.
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3.4 Performance of Specimen Preparation

This section covers the preparation of the specimens for all the tests conducted.

3.4.1 Tensile Tests Specimen Preparation

The ASTM ES8 standard was used to design the specimen and its geometry. The
specimen dimensions (in mm) are illustrated in figure 3.4.1(a). The dog bone shaped
specimen was first drawn using the AutoCAD design software, then cut using the EDM
wire cut accuteX AU-5001A machine. Sample of a completed tensile test specimen is

presented in figure 3.4.1(b).

28

T LE&

100 35.06

Figure 3.4.1: (a) Tensile test specimen with dimensions.

Figure 3.4.1: (b) Sample of a tensile test specimen.
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3.4.2 Bending Tests Specimen Preparations

The standard followed to come up with the specimen design and geometry was the ASTM
E290. The bending specimen dimensions were 20mm x 135mm x 6mm, (see figure
3.4.2(a)). The specimens were cut using the EDM wire cut accuteX AU-5001A machine.
Finished sample of specimens is illustrated in figure 3.4.2(b).

20

R

35

Figure 3.4.2: (a) Bending test specimen with dimension in mm.

Figure 3.4.2: (b) Sample of a bending specimen.

3.4.3 Microstructural Tests Specimen Preparation

The microstructure specimens shown in figure 3.4.3(a) were drawn and dimensioned
using AutoCAD design software. The designed specimens were cut using the EDM wire
cutting machine, see figure 3.4.3(b). The cut specimens were then mounted in
thermosetting plastic using Struers labopress-3 machine and the mounting temperature
was 150°C. The sample of the mounted specimen is shown in figure 3.4.3(c). The
mounted specimens were then prepared for microstructural analysis. The preparation
involved the use of Struers laboPol-5. Different sizes of sandpapers were used in order
to obtain the final product shown in figure 3.4.3(d)].
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Figure 3.4.3: (a) Overall dimensioned microstructure test specimen.

3.4.3: (b) Wire cut microstructure specimen samples.

Figure 3.4.3: (c) Mounted microstructure test specimen sample.

Figure 3.4.3: (d) Polished specimen samples.
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The polished specimens were immersed in 0.5% of hydrofluoric acid for 5 minutes. The
specimen was then removed from the etchant and immediately rinsed with water and
alcohol. The alcohol was dried off the specimen using a hot hair dryer. The fully prepared

(etched) specimen is shown in figure 3.4.3(e).

Figure 3.4.3: (e) Etched specimen samples.

3.4.4 Hardness Tests Specimens

The specimens used for hardness testing had the same dimension as the ones used for
microstructure testing, duplicates were made, one pair for hardness and one pair for
microstructure. The same preparation performed for the microstructure test specimens
was also performed for the hardness test specimens, the only difference was that the
hardness test specimens were not etched, see figure 3.4.4.

3.5 List of Test Performed

It should be noted that the analysis was performed on the processed joints and
unprocessed joints with the purpose of comparing the differences. The following is the
list of tests that were performed:

e Bending Tests
e Tensile Tests

e Hardness Tests
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e Microstructural Test
e SEM Test

3.6 Mechanical Tests

Different set of specimens were cut out from the unprocessed TIG and FSW plates, as
well as on the processed TIG and FSW plates. The prepared specimens were for tensile
tests, bending tests, hardness tests, as well as for microstructure. All the specimens were
cut in three regions of the plate and those being the start, middle, and the end of the

plate. A total of three specimens for each test were prepared.

3.6.1 Tensile Test

The uniaxial tensile testing was performed in order to analyse the ultimate tensile
strength, yield strength, % elongation, fracture strain and Young's modulus for all the
processed and unprocessed welded joints. The computer operated Hounsfield 25K type
of tensile testing machine illustrated in figure 3.6.1(a) was used for tensile tests. The dog
bone shaped specimens were used. The tensile test parameters used are presented in
table 3.6.1. The ASTM EB8 standard for tension testing of metallic materials was used in

this study for tensile testing.

Table 3.6.1: Tensile test parameters.

Speed (mm/min) | Extension range (mm) | Load range (kN) Load cell (kN)

1 0-10 0-10 50
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Calliper

Figure 3.6.1: (a) Hounsfield machine.

I S

pecimen

Figure 3.6.1: (b) Tensile testing flat jaws.

Prior to the installation of the specimens to the machine, the specimens’ dimensions were
measured and recorded, (thickness and gauge length), for the determination of the
engineering stress and engineering strain. The specimen was fit into the jaws for gripping.
The screws were tightened so as to avoid slipping during the test. The QMat software
was used to log the data. The data logged was consisting of the applied tensile load and
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extension which were later used for the determination of stress and strain. Young's
modulus, vyield strength, ultimate tensile strength, fracture strain, and percentage
elongation were determined. The graph of stress versus strain was generated.
The following formula used to determine the ultimate tensile stress:
o= - 1

y ()
Where o is the ultimate tensile stress, F is the maximum force, A is the cross-sectional

area.

The equation used to determine % elongation was:

WBE = x 100 2)

Final Length—Original Length

original Length

Elastic young’s modulus was determined using the formula:

—_—
E= 5 3

where O is stress and ¢ is a strain.

3.6.2 Bending Test

Bending testing is sometimes referred to as flex or flexural testing. This test was
conducted to measure the flexural strength of all the AA5083 welded joints. Bending test
was performed on the bending specimen using the Hounsfield testing machine with a 3-
point bend fixture illustrated in figure 3.6.2(a). The bending test parameters were the
same as the one used for tensile testing. The data was logged using the same procedure

used for tensile testing.
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Force and
Extension reader

Figure 3.6.2: (a): Bending test setup and apparatus.

The first step in performing the bending test was to measure the specimen so as to verify
dimensions. Center mark line was drawn on the centre of the joint for alignment with the
centre of the indenter. The tests were performed one specimen at a time. The specimen
was flat mounted on the rolling supports; the centre mark line was used to align the
specimen with the loading pin centre. The loading pin was lowered until it was in contact
with the specimen top surface. Thereafter the machine was the zeroed before the
commencement of the test. The force was recorded using 0.5mm extension increments.

The data was logged from the beginning until the failure of the specimen.

The formulas used to determine the maximum stress was:

_ 3FL
" 2bdz

(4)

where F is the force, b is the width of the specimen, L is the length, and d is the thickness,
see figure 3.6.2(b) for schematic diagram for the bending test.
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Figure 3.6.2: (b) Bending test schematic diagram [Curkovi¢, 2010].

3.6.3 Hardness Tester

The hardness test was performed to determine the bulk hardness of the AA5083 welded
and processed joints. The test was performed using the Rockwell hardness testing FR
model machine presented in figure 3.6.3. The apparatus used to perform the test were:
ball indenter with a 1/16-inch diameter, Scale B (a scale for aluminium, copper, soft steel
and malleable iron), a mass of 100kg.

Figure 3.6.3: Hardness test machine.

In performing the hardness testing, the specimen was placed on the machine flat stand.
The stand was then adjusted upwards until the indenter came into contact with the

specimen top surface. The reset button was pressed, then the autorun button was
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pressed to start the process, and the Rockwell hardness number (HRB) was displayed

and recorded.

3.6.4 Microstructural Tests

Microstructure analysis was performed to analyse the grain size of the weld joint. The
microstructural analysis was performed on the prepared specimen using the Zeiss
Axiovert 40 MAT optical microscopy shown in figure 3.6.4.

Computer 8

.‘ Specimen

Microscope

Figure 3.6.4: Microstructure apparatus.

In analysing the microstructure of the specimens, the etched specimen was placed onto
the specimen bed with welding joints facing up for examination. The specimen was first
examined at 5x magnification setting to observe larger features of the structure.
Magnification of 100x was used to observe finer features. The grains were measured and
recorded.

3.6.5 Scanning Electron Microscopy (SEM) Tests

SEM tests were performed using the post tensile test cut-off specimen. SEM tests were
performed for identification of the nature of the fracture. The results for all the tests

performed are presented in the next chapter.
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CHAPTER FOUR

RESULTS AND DISCUSSIONS

This chapter gives detailed discussions on the results that were obtained through the
processes and methods explained in chapter three. The results obtained include the
bending test, the tensile test, hardness, microstructure and scanning electron microscopy

results.

4.1 Bending Tests

This section presents the results that were obtained from the bending tests for three
unprocessed FSW, processed FSW, unprocessed TIG and processed TIG specimens. It
should be noted that there is a start location and ending location either in the processed
plate or welded plate. So the three specimens were produced from the start, middle and
the end of either welding or processing. This was performed so as to check if there were
any notable impact on the results. The specimen that was cut at the beginning of the
plate is marked with A, while B symbolizes the middle position and C is the end position
of the plate. A, B and C represents unprocessed TIG and FSW specimens; Al, B1 and
C1 represent processed TIG specimens and then A2, B2 and C2 represent processed
FSW specimens. This representation was followed throughout the chapter. Figure 4.1
shows the demonstration of the specimen format for the processed FSW.

Figure 4.1: Sample specimen format.
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4.1.1 Processed and Unprocessed TIG results

The bending was applied on both sides of the joint i.e. face and the root of each
specimen. The face of the specimen is considered to be the surface that was in contact
with the tool either during processing or welding. The root is the surface that was in
contact with the welding or processing machine bed. Figure 4.1.1(a) shows the response
of the unprocessed TIG welded specimens. The unprocessed TIG welded joints failed at
the centre of the joint and the mode of failure shows that the plates were not bonded
together but just the filler that dominated the joint. The root and face failure mode is
exactly the same hence there was no need of including both results. The root and face
failure modes are shown in figure 4.1.1(b) and (c). The opening of the crack for the
unprocessed joint is higher compared to the processed one. This indicates the quality of
bonding at the joint [Pradeep et al., 2012; Shalina et al., 2018].

Figure 4.1.1: (a) Bended TIG Specimen.

Figure 4.1.1: (b) Friction stir processed TIG (face) joints.
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Figure 4.1.1: (c) Friction stir processed TIG, bended (root) specimens.

Figure 4.1.1(d) and figure 4.1.1(e) show the graphical representation of bending results
for the processed and unprocessed TIG welded joint. It should be noted that all the
specimens were bent until they fail hence the projectile-type of the graphs. For the face
bending test, the unprocessed specimens failed at the maximum strain of 0.05 while the
processed ones failed at the maximum strain of 0.25. For the root bending test, the
unprocessed specimens failed at the maximum strain of 0.07 while the processed ones
failed at the maximum strain of 0.29. The two graphs show a very clear distinction
between the face bending test and the root bending test. The bending results also show
that the processed joint is stronger than the unprocessed joint hence the difference in
maximum strain. The graphical representation correlates with the failure mode shown by

the pictures of specimens.
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Figure 4.1.1: (d) Bending stress — strain curves for processed and unprocessed TIG
(Face).
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Figure 4.1.1: (e) Bending stress — strain curves for processed and unprocessed TIG
(Root).
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Table 4.1.1 shows the maximum deflection of each specimen tested. The processed TIG

joint showed a maximum bending of 26mm while the unprocessed showed a maximum

of 6mm on root bending specimen C1. The root bending results are higher compared to

the face bending results. The maximum root flexural stress is 501.188 MPa while the

maximum face flexural stress is 406.5 MPa. The notable consistent behaviour with the

bending results is that the root bending is always higher than the face bending. The origin

of this behaviour is not known yet but suspected to be caused by the surface finish of the

two sides of the specimen.
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Table 4.1.1: Processed and unprocessed TIG bending results.
Sample | Maximum Force Fracture Point Flexural Stress | Post
(MPa) specimen
Face
A 1407N, at 2mm 115N, at 3mm 263.813 Cracked
B 1733N, at 2mm 182N, at 4mm 324.938 Cracked
C 1593N, at 2mm 45N, at 4.5mm 298.688 Cracked
Al 3053N, at 19mm 210N, at 22.5mm | 572.434 Cracked
Bl 2193N, at 14mm 232N, at 19mm 416.063 Cracked
C1 2168N, at 15.5mm | 337N, at 21.5mm | 406.5 Cracked
Root
A 1603N, at 2mm 69N, at 5mm 300.563 Cracked
B 2047N, at 4.5mm 90N, at 6mm 383.813 Cracked
C 1604N, at 2.5mm 45N, at 4.5mm 300.75 Cracked
Al 2310N, at 12.5mm | 245N, at 22mm 425.063 Cracked
Bl 1582N, at 12mm 98N, at 17mm 296.625 Cracked
Ci1 2673N, at 19mm 260N, at 26mm 501.188 Cracked

4.1.2 Processed and unprocessed FSW results

The type of bending performed under this section is similar to the one performed under
section 4.1.1. Figure 4.1.2(a) and (b) show the face and the root failure mode for the
unprocessed FSW. The face bent specimens show high crack intensity at the beginning
of the plate compared to the end of the plate. The similar behaviour is also observed on
the root bending results but the root results are much better than the face bending results.
This crack variation is suspected to be caused by the instability of welding occurring at
the beginning of the weld. The root bending results show the crack on the specimen cut
at the beginning of the plate (specimen marked A) while the other two show no cracks at
all. This indicates good bonding between the plates welded. The face and the root of the
processed FSW are shown in figure 4.1.2(c) and (d). It is evident from the figure that the
two surfaces bent without failing. This kind of behaviour suggests that the strength of the

joint has improved.
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Figure 4.1.2: (b) FSW root bended specimens.
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Figure 4.1.2: (d) Processed FSW (root) bended specimens.

Figure 4.1.2(e) and figure 4.1.2(f) show the graphical representation of bending results
for the processed and unprocessed FSW welded joint. It should be noted that all the
specimens were bent until they also fail. For the face bending test, the unprocessed
specimens failed at the maximum strain of 0.325 while the processed ones failed at the
maximum strain of 0.5525. The unprocessed root specimens failed at the maximum strain
of 0.425 while the processed ones failed at the maximum strain of 0.60. The two graphs

show a very clear distinction between the face bending test and the root bending test.
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Figure 4.1.2: (f) Bending stress — strain curves for processed and unprocessed FSW
(Root).

Table 4.1.2 shows the maximum deflection of each specimen tested. The processed face
FSW joint showed a maximum bending of 49.5mm while the unprocessed showed a
maximum of 40mm. The root bending results are lower compared to the face bending
results. The maximum root flexural stress is 648.375 MPa while the maximum face
flexural stress is 759.75 MPa. This behaviour is different from the behaviour that was
noticed on the TIG joints analysis. It is noted that the processed FSW joint is more flexible
compared to the processed TIG joint and this is judged from bending without cracks

which also correspond to the flexural stress value.
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Table 4.1.2: Unprocessed and processed FSW bending results.

Sample Maximum Force Fracture Point Flexural Post
Stress (MPa) | specimen
Face
A 3662N, at 19.5mm 23N, at 29.5mm 686.625 Cracked
B 3412N, at 19mm 23N, at 28.5mm 639.75 Cracked
C 3301N, at 21mm 1740N, at 40.5mm 618.938 Cracked
A2 3888N, at 17mm 890N, at 47.5mm 536.625 No crack
B2 2895N, at 17mm 107N, at45mm 759.75 No Crack
C2 4052N, at 17mm 1022N, at 49.5mm 729 No Crack
Root
A 2957N, at 24mm 1700N, at 38.5mm 554.438 No crack
B 2842N, at 22mm 623N, at 47.5mm 532.875 Cracked
C 2410N, at 12mm 295N, at 19.5mm 451.875 Cracked
A2 1418N, at 20mm 107N, at 35mm 265.875 No crack
B2 3460N, at 24mm 947N, at 48mm 648.375 No Crack
c2 3040N, at 23mm 805N, at 46mm 570 No Crack

4.2 Tensile Tests

This section presents the results that were obtained from the tensile testing machine. It
should be noted that the specimens format used in section 4.1 was also followed in this
section as well. The data logged in this section was used to calculate the corresponding
specimens ultimate tensile stress (UTS) and the percentage elongation (equation (1) and

(2)) and the corresponding calculations are included in Appendix G.

4.2.1 Processed and Unprocessed TIG results

Figure 4.2.1(a) demonstrate the post-tensile test unprocessed TIG specimens. All the
specimens failed at the center of the joint and the mode of failure looks brittle. It can also
be observed that the failure occurred at the filler and there are no signs of slenderness
on the joint hence classified as brittle failure [KumarSingh et al., 2018]. This kind of failure
suggests that the joint was dominated by the filler hence the failure occurred on the filler.

The post-tensile test for processed TIG specimens is shown in figure 4.2.1(b). The
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position of failure varies with specimen and the failure did not occur at the centre like it
happened with the unprocessed specimens. There are some minor signs of slenderness
that are observed on the figure. This suggests that the mode of failure was almost ductile
[Yuging et al., 2017]. This also shows that the bondage between the two plates welded

was improved post FSP.

Figure 4.2.1: (b) Post-test FSP-TIG specimen.

Figure 4.2.1(c) shows the graphical representation of tensile test results for the
processed and unprocessed TIG welded joints. The notable trend shown in this figure is
that the tensile strength of the processed and unprocessed specimen is lower in the
beginning of the plates (A and Al) compared to those at the end of the plates (C and
C1). It is assumed that this trend emerges from the initial instability of the welding or
processing technique hence low tensile strength of the specimen cut from the beginning
of the plate [Subbaiah et al., 2018; Shalina et al., 2018]. The ultimate tensile strength of
the processed joint is higher than the unprocessed one and this is the case in all locations
of the plate (A, B and C). This suggests that the unprocessed joint is more porous
compared to the processed ones. The application of FSP reduces the porosity of the
joint. The graphical representation of unprocessed TIG specimens reveals the brittleness
failure while the processed ones display ductility.
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Figure 4.2.1: (c) Tensile stress — strain curves for processed and unprocessed TIG.

The numerical values associated with figure 4.2.1(c) are tabulated in Table 4.2.1. The
numerical values are in agreement with the graphical representation of the tensile
strength results. There is also a notable improvement on the percentage elongation of
the processed joint compared to the unprocessed one. This suggests that the ductility of
the material has improved. The stiffness of the unprocessed joint is lower than that of the
base material while the one for processed is very close to that of the base material. This

suggests that the unprocessed TIG welded joint is dominated with pores hence low
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stiffness [Gao et al., 2016].

Table 4.2.1: Processed and unprocessed TIG tensile weld joints results.

Sample | Proof Stress | Ultimate Elastic Elongation
(MPa) Tensile Young'’s (%)
Stress (MPa) Modulus
(GPa)
A 38.220 46.028 15.343 6.56
B 68.111 153.75 51.25 9.41
C 53.139 133.833 36.171 8.56
Al 122.08 186.722 50.465 16
Bl 93.421 172.167 46.532 12
C1 173.611 249.917 67.545 22.86

0.25
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4.2.2 Processed and Unprocessed FSW

The post-tensile test specimens are shown in figure 4.2.2(a). All the specimens failed
consistently at the centre of the joint. There are also some signs of slenderness at the
failed location. This suggests that the failure mode is ductile. There is a consistent
angular fracture that is observed on the fractured surfaces. This suggests the high
stiffness on the joint. The processed FSW joint shown in figure 4.2.2(b) reveal similar
behaviour with the unprocessed joint. However, the failure of the processed specimens
occurred consistently away from the centre. This shows that the processed joint strength
is close to the parent material.

Figure 4.2.2: (b) Post-test FSP-FSW specimen.

Figure 4.2.2(c) shows the graphical representation of tensile test results for the
processed and unprocessed FSW welded joints. The trend noted with processed and
unprocessed TIG welded joint is also noticed with FSW results. The only notable
difference is that the tensile strength of the unprocessed FSW welded joint is higher than
that of the unprocessed TIG welded joint [Liu et al. 2003; Ceshini et al., 2007]. The tensile
strength of the processed FSW joint shows a clear increment along the plate while the
unprocessed shows some flactuations. This linear increment suggests that the porosity
of the joint is getting reduced towards the end of the plate hence the improved ductility
shown by percentage elongation. The numerical values tabulated in Table 4.2.2 are also

in agreement with the graphical representation of data shown in figure 4.2.2.(c).
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Table 4.2.2: Processed and unprocessed FSW tensile weld joints results.

Sample | Proof Ultimate Elastic % Elongation
Stress Tensile Stress | Youngs (%)
(MPa) (MPa) Modolus

(GPa)

A 174.528 262.083 66.518 17.11

B 162.167 258.75 59.428 18.54

C 179.861 256.806 56.064 16.54

A2 139.722 286.028 70.833 24.5

B2 156.806 303.083 69.932 29.09

Cc2 118.611 299.944 69.407 30.52

4.3 Hardness Tests
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This section presents the results that were obtained from the hardness tests for three
unprocessed FSW, processed FSW, unprocessed TIG and processed TIG welded joint.
Table 4.3.1 shows the results for the hardness test performed on the processed and
unprocessed TIG welded joints, as well as processed and unprocessed FSW, welded
joints. It is evident from the table that both processed and unprocessed TIG and FSW
had high maximum HRB scale compared to the commercial AA5083 which is 53 HRB.
This shows that the processed joints have high resistance towards deformation. The FSP
hardness behaviour is in line with the hardness reported for wrought 5XXX series
aluminium alloys, in which there is a marginal change in hardness between the stir zone
and the base material [Verma et al., 2016; Zhang et al., 2012]. These results correlate
with the tensile strength results presented in the previous sections (4.1 & 4.2). This also
suggests that there is grain size refinement at the processed joint. The processed FSW
is much higher than the processed TIG welded joint. This suggests that the grains of
processed FSW are smaller than those of processed TIG ones (based on Hall-Patch
relationship).

Figure 4.3: Hardness test post test samples.

Table 4.3.1: Hardness test results.

Sample HRB HRB
1 2 3 Average Maximum

TIG A 58.3 54.6 62.7 58.5 58.5

B 59 54.9 61.9 58.6

C 59.6 55 60.9 58.5
FSP-TIG Al 58.8 61.0 60.2 60 60

Bl 57.9 58.7 57.3 58

C1 58.9 57.9 56.9 57.9
FSW A 59 58.7 59.3 59 58.7
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B 58.8 60 60.8 59.9
C 59.2 58.3 54.7 57.4
FSP-FSW | A2 58.8 63.4 63.6 62 62
B2 58.6 61 60.2 59.9
C2 61.7 60.9 62 61.5

4.4 Macrostructure Tests

Figure 4.4.1 shows the macrostructure of an unprocessed TIG welded joint. There are

few pores that are appearing on the joint but there were no cracks observed post

welding. It is clear from the figure that the joint is dominated by the filler (the dark H-

like structure) with no direct contact between the welded plates surface. It is assumed

that the distinction between the welded plates and the filler together with the presence

of pores on the joint contributes towards the joint weakness. Figure 4.4.2 shows the

TIG welded joint after it has been processed. The onion ring is being observed and the

filler cannot be clearly seen from the joint. There are no pores and cracks observed

from the figure.

Figure 4.4.2: Processed TIG alloy macrostructure - onion ring.
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The macrostructure of an unprocessed FSW joint is shown in Figure 4.4.3. The joint
shows bonding without defects. The processed FSW, processed TIG and unprocessed
FSW regions contained a special microstructure feature, “the onion ring” structure,
which is sometimes called the banded structure [Krishnan, 2002]. The onion rings
consist of concentric, elliptical rings located in the middle of the processed FSW,
unprocessed FSW, and processed TIG nugget. The banded structure can also be
observed in the top cross-section, and the space between each ring corresponds to
the advance per revolution of the tool [Ciu et al., 2008]. The appearance of onion rings
was due to a periodic particle density variation or grain size variation [Yang et al.,
2004]. The processed FSW joint reveal elongated onion rings (see Figure 4.4.4)
compared to the unprocessed. This suggests that the bonding between the plates is
improved hence higher than the unprocessed joint.

Figure 4.4.4: Processed FSW onion ring.
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4.5 Microstructure Tests

Microstructure tests were performed to analyse the grain structure arrangements.
Observations of the TIG welded joint plate were that there were no surface cracks and
discontinuation detected. The spatter found were very small in size. Figure 4.5.1 show
micrograph of unprocessed TIG welded joints. The figure consisted of the dark dendrites
with fine precipitates of Mg.Als, this is a common phenomenon with filler wire ER 5356

microstructure [Stevens 2000].

Figure 4.5.1: Unprocessed TIG welded microstructure.

It should be noted that all the micrographs were taken only on the nugget zones where
the onion rings were found. Figure 4.5.2 presents processed TIG micrograph. The
application of FSP on the TIG welded joints resulted in very fine grain structure with
distinguished boundary layers in comparison to the unprocessed one. There is a
significant reduction of pores on the processed TIG welded joint. Processed FSW grain
structure illustrated in figure 4.5.4 showed finer grains in comparison to unprocessed
FSW grain structure shown in figure 4.5.3. The grain refinement in friction stir processed
specimens is assumed to be caused by the intense plastic deformation of metal by the
rotating tool in stir zone resulting in the breaking of all micro-constituents and dynamic
recrystallization [Subrumani et al., 2019; Prosgolitis et al., 2018].
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Figure 4.5.3: Unprocessed FSW microstructure; nugget zone.

70



Figure 4.5.4: Processed FSW Alloy Microstructure; nugget zone.

The microstructural grain sizes were measured on the onion ring region for unprocessed
FSW and TIG, and processed FSW and TIG. The 50um scale and objective 20x were
used for the analysis. Three measurements were performed on the joint hence number
1to 3in Table 4.5.1. The table also shows the mean grain sizes and standard deviations.
The unprocessed TIG mean grain size is 10.78um and the processed one is 7.177um.
The mean grain size for the unprocessed FSW joint is 8.67um while the processed one
is 4.62um. The grain refinement of the friction stir processed welded joints is in
agreement with the Hall-Petch relation which predicts that the grain size decreases with
an increase in the UTS [Hassan, 2018; Zhang et al., 2012].

Table 4.5.1; Grain sizes measured.

Technique Diameter (um)
1 2 3 Mean Standard Deviation
Base 18.63 15.63 17.16 17.14 1.50
FSW 8.57 8.20 9.20 8.657 0.362
FSP-FSW 474 4.44 4.68 4.62 0.127
TIG 10.96 10.30 11.08 10.78 0.249
FSP-TIG 7.010 7.520 7.000 7.177 0.125

4.6 Scanning Electron Microscopy (SEM) Tests

The post-test for tensile test specimens were then cut out on the fracture points as shown

in figure 4.6.1 for examination. The cut-off pieces in figure 4.6.2(a), (b), (c) and (d) were

71



then taken to the SEM for the analysis of the nature of the fracture.

Fracture Surfaces
}_‘,.\"-‘- ""\‘\\\“)\ DA VA |

i

Figure 4.6.2: SEM Specimens; (a) Unprocessed FSW; (b) Unprocessed TIG; (c)
Processed FSW; (d) Processed TIG.

Figure 4.6.3 reveals the SEM micrograph of the fractured surfaces for the unprocessed
and the processed TIG and FSW joint specimens. The unprocessed TIG welded joint in
Figure 4.6.3(a) show some rough fracture surface with some notable pores. There are
no notable dimples formed on the fracture surface. This kind of observation suggests that
the TIG welded joint had a brittle failure. On the other hand, there is a notable amount of
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dimples formed on the surface of the other three fracture surfaces (Figure 4.6.3 a, ¢ and
d). There are no notable pores on the fracture surfaces of these three. These
observations suggest a ductile failure of the unprocessed FSW, processed TIG and FSW

joints. The SEM results show some correlation with the results presented in the previous

sections of this chapter.

Date :29 Aug 2018
= 500X Time :12:11:06
T

EHT = 6.00 kv Signal A = SE2 Date :29 Aug 2018

WD= 78mm Mag= 500X Time :11:46:04 WD = 9.1 mm
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and (b) FSP-TIG.
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Figure 4.6.3: SEM Photos; (a) TIG,
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WD = 8.4 mm hag= 500X Time :12:04:31

EHT = 500 kv Signal late :29 Aug 2018
WD = 8.8 mm Mag= 500X Time :11:53:51
o ToY A( > 3

Figure 4.6.3: SEM Photos; (c) FSW, and (d) FSP-FSW.

4.7 Comparison of Mechanical Properties

Table 4.7 is showing mechanical properties of friction stir processed FSW in comparison
with friction stir welding, as well as for TIG and friction stir processed TIG. From the
results, it is evident that friction stir processing strengthens the bond of the aluminium
5083 joint. This judged from the increase in numerical values associated with the

corresponding tests. The practical results for friction stir processing AA5083 were then
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compared to the commercial material, the FSP was found to have higher values
compared to the commercial material. There is a clear distinction between the processed
and the unprocessed TIG welded joints. The processed joints for both TIG and FSW
showed an improved ductility compared to unprocessed ones. This also is in agreement

with the improvement seen from tensile test results.

There is no major difference observed from the results obtained from the root of the
specimens. The microstructural results showed the refinement of grains in friction stir
processed TIG and FSW in comparison with plain TIG and FSW. The unprocessed TIG
joints yielded the maximum tensile stress of 111.204MPa while processed TIG produced
the average of 202.935MPa. There is a notable ductility improvement on the processed
joints compared to the unprocessed one. The stiffness of the processed joint is close to
the stiffness of the base material (commercial material or parent material). This indicates
that the FSP improved the mechanical properties of the TIG welded joint.

The average tensile strength for unprocessed FSW joints was found to be 259.213MPa
while processed FSW yielded the maximum UTS of 296.35MPa. The average
percentage elongation of unprocessed FSW joints was found to be 17.40% while 28.05%
corresponded with the average elongation of the processed FSW joint. This elongation
improvement suggests an improved ductility of the processed FSW joint. The stiffness of
the processed joint is close to the stiffness of the base material. This indicates that the

FSP has improved the mechanical properties of the FSW welded joint.

Table 4.7: Practical mechanical properties.

Hardness | Ultimate Flexural Flexural Yield Young’s %
HRB Tensile Strength Strength | Strength | Modulus Elongation
Strength (Face) (Root) (MPa) (GPa)
(MPa) (MPa) (MPa)
5083 53 275-350 - - 125 70.3 16
FSW 58.7 259.213 648.438 513.063 138.38 60.67 17.40
FSP-FSW | 62 296.35 676.125 494.75 172.185 70 28.05
TIG 58.5 111.204 328.375 295.813 53.157 34.255 8.177
FSP-TIG | 60 202.935 465 407.625 129.7 54.847 16.9

74




CHAPTER FIVE

CONCLUSIONS

This chapter concludes about the main key points of the study. It also highlights points

of improvement when one wants to take the study forward.

The analysis of the processed and unprocessed TIG and FSW welded joints was
successfully carried in this study. There were no special conditions considered in carrying
out this study. The study was based on finding out whether friction stir processing
improves the mechanical properties of TIG and FSP welded joints. Based on the findings

of this study, the following conclusions were drawn.

The results show that the mechanical properties of the processed TIG and FSW welded
joints are higher than the unprocessed joints of the same welding technique. The
unprocessed TIG welded joint was found to be mechanically weaker compared to the
unprocessed FSW joints. The weakness was due to the porosity observed
microstructurally and microstructurally. It was also observed that the processed TIG
welded joints were mechanically higher than the unprocessed TIG welded joints. This
highness was due to the microstructural changes that were induced by the employment
of FSP technique. The similar trend was also observed with the FSW welded joints. The
numerical analysis of the processed TIG welded joints are comparatively similar to the
ones for the unprocessed FSW welded joints. The processed TIG welded joints share
some microstructural similarities with the unprocessed FSW welded joints. This includes

the onion rings observed at the nugget region.

The application of FSP technique brought about the reduction of grain sizes and
homogenous arrangement around the processed region. It was also observed that the
numerical and graphical analysis of the processed FSW was found to be higher than all
the other three joints (unprocessed TIG, processed TIG and unprocessed FSW joints).
This notable behaviour is suggested to be caused by the fact that FSW and FSW are
similarly so the application of FSP to the FSW welded joint sounds like the repeated FSP.
It was also observed that there is a brittleness failure occurring in almost all the
specimens. This behaviour emerges from the parent material. There was an unmatched
improvement noted between the unprocessed TIG welded joint and the processed TIG
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welded joint. This study has demonstrated that the FSP technique can be used as a

technique to improve the mechanical properties of the TIG and FSW welded joints.

RECOMMENDATIONS

It is recommended that a future study considers the comparative study of dissimilar
aluminium alloys of the processed TIG and FSW, and unprocessed TIG and FSW. It
would be better to also look at the impact of controlling rate of the joint (processed and
unprocessed). The fatigue test analysis is recommended for future study.
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APPENDIX A

Aluminium Plate
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APPENDIX B

Pin Drawing
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APPENDIX C1

Tensile Test Specimen
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APPENDIX C2

ASTM E8 Standard

(il es/Esm - 13a

b~

Dimensiona
Standard Specimens Subsire Spaciman
Plate-Type, 40 mm Sheat-Type, 12.5 mm & mm
[1.500 in.] Wida [0.500 in.] Wide [0.250 in.] Wida:
mim [in.] mm [in.] mm [in.]
G—Gauge length (Nofe 1 and Maote 2) 200.0 £ 02 800z 04 250204
[B.00 + 0.01] [2.000 + 0.005] [1.000 + 0.003]
W—Widih (Mote 3 and Note 4) 400+ 2.0 125102 60x04
[1.500 + 0.125, -0.250] [0.500 + 0.040] [0.250 + 0.005]
T=Thickness (Note 5) thickness of material
A—Radius of fillet, min (Note &) 25 1] 125 [0.500] 6[0.250]
L—Cwarall length, min (Note 2, Mote 7, and MNote 8) 450 [18] 200 (8] 100 [4]
A— ength of reduced section, min 2235 [9] 5T [2.25] a2 [1.25)
B—Langth of grip section, min (Note 8) 75 3] 50 [2] 30 [1.25]
G—Width of grip section, approximate (Note 4 and MNote 9) 50 2] 20 [0.750) 10 [0.375]

Nori 1—For the 40 mm [1.500 in.] wide specimen, punch marks for measuring elongation after fracture shall be made on the flat or on the edge of
the specimen and within the reduced section. Fither a set of nine or more punch marks 25 mm [1 in.] apart, or one of more pairs of punch marks 200
mm |8 in.] aparl may be used.

Nom: 2—When elongation measurements of 40 mm [ 1.500 in.] wide specimens are not required, a2 minimum length of reduced section (A) of 75 mm
[2.25 in.] may be used with all other dimensions similar to those of the plate-type specimen.

Nom: 3—For the three sizes ol specimens, the ends of the reduced section shall not differ in width by more than 0.10, 0.05 or 0.02 mm [0.004, 0.002
or 0.001 in.], respectively. Also, there may be a gradual decrease in width from the eads to the center, but the width at each end shall not be more than
1 % larger than the width at the center.

Nomi 4—For each of the three sizes of specimens, narrower widths (W and ©) may be used when necessary. In such cases the width of the reduced
section should be as karge as (he width of the material being tested permils; however, unless stated specifically, the requirements for elongation in 4 product
specification shall not apply when these narrower specimens are used.

Nor: 5The dimension 7'is the thickness of the test specimen as provided for in the applicable material specifications. Minimum thickness of 40 mm
[1.500 in.] wide specimens shall be 5 mm [0.188 in.]. Maximum thickness of 12.5 and 6 mm [0.500 and 0.250 in.] wide specimens shall be 19 and 6
mm [0.750 and 0.250 in.], respectively.

Nom: 6—For the 40 mm [1.500 in.] wide specimen, a 13 mm [0.500 in.] minimum radius at the eads of the reduced section is permitted for steel
specimens under 690 MPa [100 000 psi] in tensile strength when a profile cutler is used (o machine (he reduced section.

Nom: 7—The dimension shown is suggested as a minimum. In defermining the minimum length, the grips must not extend in o the transition section
between Dimensions A and B, see Note 9,

Nori 8—To aid in oblaining axial force application during testing of 6-mm [0.250-in.] wide specimens, the overall length should be as large as (he
material will permit, up o 200 mm [8.00 in.].

Nomi 91t is desirable, if possible, to make the length of the grip section karge enough (o allow the specimen 0 extend into the grips a distance equal
10 two thirds or more of the length of the grips. If the thickness of 12.5 mm [0.500-in.] wide specimens is over 10 mm [0.375 in.], longer grips and
correspondingly longer grip sections of (he specimen may be necessary (o prevent failure in the grip section.

Nom 10-—For the three sizes of specimens, the ends of the specimen shall be symmetrical in width with the center line of the reduced section within
2.5, 1.25 and 0.13 mm [0.10, 0.05 and 0.005 in.], respectively. However, for referee testing and when required by product specifications, the ends of the
12.5 mm [0.500 in.] wide specimen shall be symmetrical within 0.2 mm [0.01 in.].

Nom: 11—For each specimen type, the radii of all fillets shall be equal to each other within a tolerance of 1.25 mm [0.05 in.], and the cealers of
curvature of the two fillets at a particular end shall be located across from each other (on a line perpendicular (o (he centerline) within a tolerance of 2.5
mm [0.10 in.].

Nore 12—Specimens with sides parallel throughout their length are permitied, except for referee testing, provided: (@) the above tolerances are used;
(D) an adequate number of marks are provided for determination of elongation; and (¢) when yield strength is determined, a suitable extensometer is used.
If the fracture occurs at a distance of less than 2 W from the edge of the gripping device, (he lensile properties determined may not be representative of
the material, In acceplance testing, il the properties meet the minimum requirements specified, no further testing is required, but if they are less than the
minimum requirements, discard the lest and retest.

FIG. 1 Rectangular Tension Test Specimens
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APPENDIX D

ASTM E290-14

LQEIP? Designation: E290 - 14

Standard Test Methods for

Bend Testing of Material for Ductility’

This stmdard is ssoed under e fixed desigmation EX90; the mumber &

diaely following the desigmat s

e year of

oo gmal adoption or. @ the case of revision, the year of last revison. A nmber m pamatheses mdicates the your of hstresppooval A

mpescoipt epsiloa (¢) md

m ediornal change smee the hist revigon or reapproval

This standard has been approved for use by agendes of the U.S. Department of Defense.

1. Scope*

1.1 These test methods cover bend testing for ductility of
materials. Included in the procedures are four conditions of
constraint on the bent portion of the specimen; a guided-bend
test using a mandrel or plunger of defined dimensions to foree
the mid-length of the specimen between two supports separated
by a defined space; a semi-guided bend test in which the
specimen is bent, while in contact with a mandrel, through a
specified angle or to a specified inside radius (r) of curvature,
measured while under the bending force; a free-bend test in
which the ends of the specimen are brought toward each other,
but in which no transverse force is applied to the bend itself
and there is no contact of the concave inside surface of the
bend with other material; a bend and flatten test, in which a
transverse force is applied to the bend such that the legs make
contact with each other over the length of the specimen.

1.2 After bending, the convex surfface of the bend is
examined for evidence of a crack or surface irregularities. If
the specimen fractures, the material has faled the test. When
complete fracture does not oceur, the criterion for failure is the
number and size of cracks or surface irregularities visible to the
unaided eye occurring on the convex surface of the specimen
after bending, as specified by the product standard. Any cracks
within one thickness of the edge of the specimen are not
considered a bend test failure. Cracks occurring in the corners
of the bent portion shall not be considered significant unless
they exceed the size spedified for corner cracks in the product
standard.

1.3 The values stated in SI units are to be regarded as
standard. Inch-pound values given in parentheses were used in
establishing test parameters and are for information only.

1.4 This standard does not purport to address all of the
safety concems, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-

! Thas test method s wmder the juisdiction of ASTM Commimee E28 ca
Mechanical Testing ad & the dreat respomsibality of Seboommittee E2802 cm
D:iiyndw

Qurent editon mwdlﬁyl 2014. Published September 2014. Origmally
approved @ 1966, Last previcws edmion gpproved m 2013 as E290 - 13. DOL:
10.1520VE0290 -14.

priate safety and health practices and determine the applica-
bility of regulatory limitations prior 1o use.

2. Referenced Documents

2.1 ASTM Standards:*
E6 Teminology Relating to Methods of Mechanical Testing
E&/ESM Test Methods for Tension Testing of Metallic Ma-

terials

E18 Test Methods for Rockwell Hardness of Metallic Ma-
terials

E190 Test Method for Guided Bend Test for Ductility of
Welds

3. Summary of Test Methods

3.1 Four methods for ductility testing employing bending
are included in these test methods. Three methods have
subgroups with specific procedures.

3.1.1 Guided Bend:

3.1.1.1 Guided Bend, No Die,

3.1.1.2 Guided Bend, U-Bend,

3.1.1.3 Guided Bend, V-Bend,

3.1.1.4 Guided Bend, V-Bend for cold rolled sheet,

3.1.2 Semi-guided Bend:

3.1.2.1 Arrangement A, specimen held at one end.

3.1.22 Arrangement B, for thin material.

3.1.2.3 Arrangement C, mandrel contact force in the bend.

3.1.3 Free-Bend:

3.1.3.1 Type 1, 180° bend.

3.1.3.2 Type 2, bend flat on itself.

3.1.4 Bend and Flatten:

32 A guided-bend test for ductility of welds is described in
Method E190) and may be used for flat-rolled materials when
specified by the product standard. The essential features of this
bending method are employed in 3.1.1.2, Guided Bend,
U-Bend.

33 Bend tests are made in one of two directions relative to
the principal working direction employed in production pro-
cessing of the material.

* For mferenced ASTM standasds, visit the ASTM website, wwwastm cog, of
w—amc-nmc Service at service @astm ooz PuAmndMq’A.ﬂ‘M
Standaxd s vokume 3 3om, refer o the standaad's Dy Y pageon
the ASTM webste.

*A Summsary of Changes section appears at the end of this standard
Copyright ©ASTM hternational, %00 Bar Hasbor Drive, PO Bax C70Q Wast Conshohocken, PA 184282960, Urited States

Copyragbe by ASTM kel Gl nghes reserved); Moa May 4 05:3803 EDT 2013 1

Domaloaded! paneed by

Livespool Univ (Liverpool Usiv) parsaans to Lesse Agreement. No further re product wes audcezed.
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APPENDIX D2

Bending Specimen
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Figure D2: Bending Specimen.
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APPENDIX E

Hardness Test Specimen
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Figure E1: Welding Joint.

94



APPENDIX F

SAMPLE OF CALCULATIONS

Maximum Flexural Stress

_ 3FL
EYY.E
FSW (Root):
_ 3x0.09x 2957
7= 2%0.02 x (0.006))?
o = 554.4MPa
FSW (Face):

3 x0.09 x 3662

~ 2x0.02 x (0.006)2
o = 686.625MPa

o

FSP-FSW (Face):
3x0.09 x 2957

= 2x0.02 x (0.006)2
o = 759.75MPa

g

FSP-FSW (Root):
3 x0.09 x 3460

= 2x0.02 x (0.006)2
o = 648.75MPa

o

TIG (Face):
3 x0.09 x 1603

~ 2% 0.02 x (0.006)2
o = 300.563MPa

o

TIG (Root):
3x0.09 x 2047

~ 2% 0.02 x (0.006)2
o = 383.813MPa

o

FSP-TIG (Face):
3% 0.09 x 3053

~ 2x0.02 x (0.006)2
o = 572.438MPa

o

FSP-TIG (Root):
3 x0.09 x 2673

~ 2% 0.02 x (0.006)2

o

95



o =501.188MPa

Strain and Percentage Elongation

12-11
T
AL
%:TX].OO

FSW:
_ 4146 —35.06

1773506
£=01711

%E =0.1711 x 100
%E =17.11%

6.5

= 35.06
¢ = 0.1854

%E = 18.54%

&

5.8

~ 35.06
e =0.1654

%E = 16.54

&3

Maximum Shear Stress

3F

* = 4bd

FSW (Face): 2 3662
X

= 2%0.02 % 0.006

T =45.775MPa
FSW (Root): 2 2057
X

' = 2%0.02 % 0.006

T = 36.963MPa

FSP-FSW (Face):

96



FSP-FSW (Root):

TIG (Face):

TIG (Root):

FSP-TIG (Face):

T

T

T

T

T

3 X 4052

= 2%0.02x0.006
7 =50.65MPa

3 x 3460

T 2%0.02%0.006
T =43.25MPa

3 x1603

= 2%0.02%0.006
T = 20.038MPa

3 x 2047

= 2%0.02%0.006
T = 25.588MPa

3 x 3053

T 2%0.02%0.006
T =38.163MPa
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Tensile Test Calculations

Ultimate Tensile Stress

F
7=
FSW:
9435
9% = 0.006 x 0.006
o1 = 262.083MPa
L __ 9315
94 = 0.006 x 0.006
o2 = 258.75MPa
L 9245
99 = 0.006 x 0.006
03 = 256.806MPa
ESP-ESW:
10297
9% = 0.006 x 0.006
o1 = 286.028MPa
,__ 1oom1
94 = 0.006 x 0.006
o2 = 303.083MPa
,__ 10798
92 = 0.006 x 0.006
03 = 299.944MPa
TIG:
L 1657
94 = 0.006 x 0.006
62 = 46.028MPa
,__ 5535
94 = 0.006 x 0.006
02 = 153.75MPa
L __ 4818
99 = 0.006 x 0.006
o3 = 133.833MPa
ESP-TIG:

6722

71 = 5,006 x 0.006
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ol =186.822MPa

,___ 6198

94 = 0.006 x 0.006
62 = 172.167MPa
L 8997

99 = 0.006 x 0.006

03 = 249.917MPa

Strain and Percentage Elongation

12-11
]
AL
% = T X 100
FSW:
4146 —35.06
&7 73506
e=01711
%E = 0.1711 x 100
%E = 17.11%
65
¥2 = 3506
£ = 0.1854
%E = 18.54%
58
3= 35.06
¢ =0.1654
%E = 16.54%
ESP — FSW:
86
17 35.06
g, = 0.2453
%E = 24.53%
102
¥2 = 3506
£, = 0.2909

%E = 29.09%

107
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g5 = 0.3052
%E = 30.52%

TIG:
23
1~ 35.06
£, = 0.0656
%E = 6.56%
33
2= 3506
g, = 0.0941
%E = 9.41%
3
#3506
£; = 0.0856
%E = 8.56%
ESP-TIG:
56
#1 = 35.06
g, = 0.1597
%E = 15.97%
42
2= 3506
g, = 0.1200
%E = 12%
B
= 3506
g5 = 0.2286
%E = 22.56%
Yield Stress
F
7=
ESW:
___ 6283
94 = 0.006 x 0.006

0l =174.528MPa

B 3838
~0.006 x 0.006

o2
100



02 =162.167MPa

L 6475
99 = 0.006 x 0.006
03 = 179.861MPa
ESP-FSW:
5030
94 = 0.006 x 0.006
o1 = 139.722MPa
L __ 5645
94 = 0.006 x 0.006
02 = 156.806MPa
L__ 4270
99 = 0.006 x 0.006
03 =118.611MPa
TIG:
1376
94 = 0.006 x 0.006
o1 = 38.222MPa
L 2452
94 = 0.006 x 0.006
62 = 68.11MPa
L 1913
92 = 0.006 x 0.006
03 = 53.139MPa
ESP-TIG:
__ 3363
94 = 0.006 x 0.006
o1 = 93.42MPa
L 4395
94 = 0.006 x 0.006
62 = 122.08MPa
L ___ 6250
92 = 0.006 x 0.006

03 =173.611MPa
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