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ABSTRACT

The main aim of this study was to develop a new friction stir processing method to enhance
the mechanical properties of the FSW and TIG-welded AA6082-T651/AA8011-H14 dissimilar
aluminium alloy joints. The processing conditions used included friction stir processing under
normal (air at room temperature) and underwater (submerged) at room temperature. The
dissimilar plates were first welded using the tungsten inert gas welding (TIG) and the friction
stir welding (FSW) techniques, taking into consideration the material positioning. The first
batch was welded with the AA6082-T651 alloy on the advancing side, while the AA8011-H14
was positioned on the retreating side. The second batch was welded with the AA8011-H14 on
the advancing side and AA6082-T651 on the retreating side. A similar pattern was followed
during the friction stir processing of the aforementioned welded joints. This was done to
evaluate the impact of material positioning on the microstructure and mechanical properties of
the said joints.

The welded and friction stir processed (FSP) plates were cut and prepared for different tests.
The tests conducted include the x-ray diffraction analysis, chemical composition,
macrostructure and microstructure analysis, tensile tests, fractographic analysis, flexural tests
and hardness tests. The test results of the said joints produced distinctive FSP conditions were
studied comparatively. The FSW and TIG-welded average mean grain sizes preceding FSP
were 23.247 um and 31.765 um respectively. The post-FSP results revealed greatly refined
nugget zone microstructural grain sizes under both FSP conditions applied. The submerged
FSP TIG-welded (SFSP-TIG) average mean grain size was 4.24 um, while the normal FSP
TIG-welded (NFSP-TIG) average mean grain size was 10.373 um. The TIG-welded joints had
a maximum ultimate tensile strength (UTS) of 85.42 MPa with a maximum yield strength of
68.336 MPa and tensile strain of 23.889 %. The NFSP-TIG showed a maximum UTS of 89.777
MPa with a maximum yield strength of 71.822 MPa, while the SFSP-TIG had a maximum UTS
of 90.25 MPa with a yield strength of 72.2 MPa. The maximum tensile strain rates of the same
were 27.994 % and 28.829 % respectively. The tensile results correlated with the grain sizes
obtained. The nugget zone maximum average Vickers hardness of the TIG-welded joints was
found to be 58.5 HV while the NFSP-TIG one was 61.5 HV and the 69 HV of the SFSP-TIG.
The fracture surface morphology correlated with the strain rate results with the TIG-welded
joints showing a brittle nature of fracture and the FSP specimens under both conditions
showing a ductile behaviour.

The normal friction stir processed FSW (NFSP-FSW) joints average nugget zone mean grain
size was significantly refined to 12.475 ym and the submerged friction stir processed FSW
(SFSP-FSW) joints to 5.611 ym. The FSW joints had a maximum UTS of 84.444 MPa with a
yield strength of 67.555 MPa and a strain rate of 23.035%. The NFSP-FSW maximum UTS
was 89.611 MPa with a yield strength of 71.289 and strain rate of 24.609 %, while for the
SFESP-FSW joints was 92.511 MPa with a yield strength of 74.004 MPa and a strain rate of
25.975 %. The nugget zone maximum average Vickers hardness was found to be 48 HV for
the FSW joints, 53 HV for the NFSP-FSW joints and 61 HV for the SFSP-FSW joints. The
fracture surface morphology for the FSW and FSP joints all showed a ductile behaviour with
the SFSP-FSW joints showing more ductility. With regards to specimen positioning the
positioning of the harder alloy AA6082-T651 on the advancing side and the weaker strength
alloy AA8011-H14 on the retreating side resulted in improved results than when the AA8011-
H14 alloy was positioned on the advancing side.
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CHAPTER ONE

INTRODUCTION

1.1 Introduction

A Chinese military leader in the early 1700s discovered a curious metal ornament in the tomb
of Chou-Chu, which was analysed to contain approximately 85% aluminium. The production
of this metal was a mystery [1-2]. Following several attempts to reproduce this metal, the first
person to succeed in reproduction was Hans Christian Oersted at Copenhagen, Denmark, in
1825. This successful reproduction of aluminium was achieved by heating aluminium chloride
with potassium. However, the produced sample was impure. In 1827, a German chemist,
Friedrich Wohler, perfected the method and obtained pure aluminium for the first time by
combining potassium with sodium. The name aluminium was derived from the Latin name for
alum, alumen, meaning bitter salt [3].

Over the last thirty years, the global production of aluminium has nearly doubled from 15 million
tons per year in 1980, to 30 million tons per year in 2005 [4]. The combination of beneficial
properties like high strength-to-weight ratio and good ductility makes aluminium one of the
most economical and desired metallic materials for a wide range of engineering applications
[5]. For example, aluminium alloys are used extensively within the transportation industry. This
is because aluminium has a low density of 2.7 g/cm?® as well as an attractive balance of
mechanical properties, which make the material ideal for efficiency improvements in
automotive and aerospace components [6]. The benefit of using aluminium material in building
structures is that aluminium is lighter in weight which reduces power consumption. Aluminium
and its alloys also have good corrosion resistance, good workability, high thermal and electrical
conductivity, an attractive appearance and intrinsic recyclability. In fact, the versatility of
aluminium makes it the most widely used metal after steel [7].

Pure aluminium possesses very weak material properties. To improve such, other materials
like copper, manganese, silicon, magnesium, magnesium plus silicon, zinc and lithium are
primarily alloyed to produce an aluminium alloy with high mechanical properties [7,9]. The
fusion of the mentioned metals results in the formation of two classes of aluminium: the
wrought and cast groups. The wrought group consists of nine classes, presented in Table 1.
However, the main focus of this study is on the 6xxx and 8xxx, specifically the AA6082-T651
and AA8011-H14 grades. The 6xxx series alloys have excellent fabricability. AA6082-T651 is
an Al-Mg-Si alloy with sufficient plasticity for extrusions and containing very high relative
strength [10-11]. The AA6082 alloy is applicable in light aircraft, especially homemade ones.
The AA6082 is very light in weight, with relatively high strength, easily welded and manipulated
making it ideal for fuselage and wings material. The AA6082 replaces the AA6061 and the
AA6063 in many aerospace engineering applications [12].



Table 1: Wrought aluminium alloys [5,8].

Series Elements Characteristics Application
Ixxx 99% Al Exceptional formability, Packaging and foil, roofing,
corrosion-resistant and cladding, low strength corrosion
electrical conductivity resistant vessel and tanks
2XXX Al-Cu-Mg High strength at room and Highly stressed parts, aerospace,
(1—-2.5% Cu) elevated temperature structural items, heavy-duty
Al-Cu-Mg-Si forging, heavy goods vehicles,
(3—6% Cu) cylinder heads, pistons
3XXX Al-Mn-Mg High formability and Packaging, roofing and cladding.
corrosion resistance with Chemical drums and tanks,
medium strength process and food handling
equipment
AXXX Al-Si Good flow characteristic, Filler metal, cylinder heads,
moderate strength engine blocks, valve bodies and
architectural purposes
BXXX Al-Mg Excellent corrosion Cladding, vessel hull,
(1-2.5% Mg) resistance, toughness, superstructures, structural
Al-Mg-Mn weldability and moderate members, vessel and tanks,
(3-6% Mg) strength vehicle rolling stock, architectural
application
BXXX Al-Mg-Si High corrosion resistance, High strength structural members,
excellent extrudability, vehicle rolling stock, marine
moderate strength application, architectural
application
TXXX Al-Zn-Mg Very high strength, high High strength structural members,
Al-Zn-Mg-Cu toughness heavy section aircraft forging,
military bridging, armour plate,
heavy goods vehicle and rolling
stock extrusions
8XxX Al-Li-Cu-Mg Heat treatable, high Thinner gauge applications,
conductivity, strength, electrical applications, aerospace,
hardness bearing applications
9XXX Reserved for future use

The 8xxx series is widely used due to its low density. AA8011-H14 is an Al-Fe alloyed grade
consisting of moderate strength with excellent corrosion resistance, high ductility and a
reflective appearance [13]. The 8xxx is used on the upper and lower body of planes’ wing skin,
floor sections and on supporting members of the fuselage structures [9]. The mentioned grades
are both applicable in aerospace engineering. The mentioned aluminium alloys were chosen
due to the increasing demand for the joining of dissimilar aluminium alloys in many industries,
including automotive and aerospace engineering [14,15]. This, therefore, makes the joining of
dissimilar materials imperative and unavoidable. It is a well-known fact that rivets are the
preferred joining technique in aerospace engineering applications. One reason for this
preference is that welding thin sections is very finicky and difficult. Material properties are often
compromised in the process. However, Kashaev et al. [14] have acknowledged the growing
interest in the use of welding techniques instead of rivets in joining aluminium alloys in
aerospace applications.

The dominating welding methods include the fusion welding technique called tungsten inert
gas (TIG) welding and the emerging solid-state technique called friction stir welding (FSW).
These techniques are highly recommended, especially in the joining of soft materials with low
melting temperatures [16]. However, joining dissimilar aluminium alloys using fusion welding
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techniques like TIG is quite challenging due to the low melting point and low hardness of
aluminium. The use of such a technique also results in coarse-grained microstructures, large
distortions that are initiated by the shrinkage in the weld metal and heat-affected zones (HAZ)
[17]. Moreover, the heat experienced by the material during welding results in extensive
softening in the HAZ. The softening results in the deterioration of mechanical properties [18].
FSW has been a proven solution for giving better results than TIG welding [19-20]. However,
most industries still use TIG welding. Additionally, the joining of dissimilar materials generally
come with drawbacks like the formation of brittle intermetallic compounds (IMCs), porosities,
solidification cracking and thermal residual stresses which result in poor mechanical properties
[21-22]. It is undeniable that quality improvement is increasingly in demand. This is where the
friction stir processing technique emerges as a viable solution.

The friction stir processing (FSP) technique is a variant of FSW, which was developed by
Mishra et al. [23]. Unlike FSW though, the FSP technigue does not join materials together but
modifies the microstructure, homogeneity and densification of the material [24-25]. FSP
significantly improves joint properties like hardness, wear-resistance and ductility while
preventing defects caused by material melting [26-27]. There are many reasons why the FSP
technique comes highly recommended as a method to enhance the properties of a surface or
joint. The mechanical and tribological properties of the nugget zone can be controlled by
adjusting the tool pin and shoulder diameter or length, or both. This occurs by changing the
tool rotation speed, tool traverse speed, tilt angle and vertical force [27-29]. Compared to other
material processing techniques, FSP is the only method where the processed depth can be
controlled simply by adjusting the length of the tool pin [28,30]. Furthermore, FSP is an energy-
efficient green processing technique, a fully automated process with good dimensional stability
[30].

Managing the heat generation during FSP is critical, for surplus heat could melt the material,
especially the soft series like the 1xxx and the 8xxx [31]. The surplus heat escalates grain
growth and deterioration of the joint properties. Effective cooling was determined as a solution
for the removal of surplus heat and it results in ultra-fine grain structure [32]. This effective
cooling is known as submerged friction stir processing (SFSP). The SFSP technique adopts
the same principle as the FSP technique but differs in the operating medium. During the SFSP
process, the material to be processed and the FSP tool remain under a submerged
environment [33-34]. The submerged environment could be water [34], a combination of
methanol, dry ice and water [35], copper backing plate [36] or even nitrogen [37-38]. A
SolidWorks diagram of the SFSP is depicted in Figure 1.1.



Tool rotation
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Figure 1.1: SolidWorks diagram of the underwater friction stir process.

1.2 Problem statement

It is evident that the fabrication of dissimilar materials is slowly emerging as a norm; it is difficult
to find a component made of a single material, especially in automotive and aerospace
engineering applications. Therefore, the joining of dissimilar materials, in general, is inevitable,
as ever-advancing technology suggests the production of new structures and components
from various materials and alloys. New components are therefore quite possible by combining
the two mentioned aluminium alloys. This present study explore the development of the new
FSP method to enhance the mechanical properties of FSW and TIG-welded AA8011-
H14/AA6082-T651 dissimilar aluminium alloy joints.

1.3 Research background

Over the years, since the existence of FSP, several studies have investigated the effects of
various process parameters like traverse speed and tool rotation, tool tilt angle, tool geometry,
number of passes and additional cooling methods. Tool rotational speed and tool traverse
speed control the material flow and heat input during FSP and have a significant impact on the
microstructure of the stir zone [39]. Karthikeyan and Kumar [40] employed FSP on the AA6063-
T6 plate to evaluate the relationship between process parameters and mechanical properties
of the nugget zone. Varying axial forces and using tool feeds and tool rotational speeds, results
revealed that FSP materials have lower tensile strength and ductility at the lowest axial force
of 8 kN, but reach peak values once the axial force is increased to 10 kN. However, they fall
with a further increase of axial force to 12 kN. The optimised parameters for sound results were
determined as an axial force of 10 kN, a tool feed of 40.2 mm/min and a tool rotational speed
of 1400 rpm. These results concur with others obtained in the literature [41-43].

FSP has been successfully used for many applications. For example, FSP can be used for
microstructural modification for cast materials. Sekban et al. [44], evaluating the impact of FSP
on a low carbon structural steel, found that the hardness of the alloy increased from 140 HV
to 240 HV, as an increase due to the significantly refined microstructure caused by the severe
plastic deformation and dynamic recrystallization. The yield and tensile strength increased
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while the ductility decreased after FSP. Likewise, wear resistance also improved. Similar
findings were found in the literature [45]. Wang et al. [46], for example, applied FSP on the Mg-
6Zn-1Y-0.5Zr casting. FSP resulted in the dissolution and dispersion of the intergranular
eutectic I-phase (MgsZnsY). The hot deformation during FSP transformed the I-phase to W
(MgsZn3Y») phase. Significant grain refinement was reported, which in turn improved tensile
strength, yield strength and ductility. Similar findings on the intriguing grain structure refinement
and improvement of mechanical properties were reported in the literature [47-52].

FSP has been successfully proven as a useful method for the preparation of superplastic
materials. Superplasticity refers to a material with high elongation without showing necking
when the material is stretched under certain conditions [53]. For a material to be deemed
superplastic, it must have an elongation that is greater than 500% and grain size less than 10
um [53-54]. Mishra et al. [28] were the first to use FSP for the preparation of superplasticity by
applying FSP on the AA7075 alloy with the aim of achieving high strain rate superplasticity.
Post-FSP, the average grain size obtained was 3.3 = 0.4 um. This conveyed the best
superplasticity: an elongation of over 1000% was obtained at 1x102 St and 490°C. Since then
numerous studies were reported, as including in the literature [54-58].

FSP is applicable in the fabrication of surface composites via reinforced particles. The surface
composite reinforced additives — in the form of powder, fibres or platelets — are most commonly
filled into specially milled grooves [59-62]. The B4C reinforced composite coating was
fabricated on the surface of the Ti-6Al-4V alloy utilising FSP [63]. FSP resulted in 134 times
improved wear resistance in comparison to the base material one. However, the hardness of
the coating was doubled. As the direct wear of the matrix was notably reduced by the presence
of B4C particles, the wear mechanism reduced the coefficient of friction from 0.20 to 0.06.
Nitinkumar et al. [64] enhanced the ballistic resistance of the AA7005 alloy by adding titanium
diboride (TiB2) and B4C ceramic reinforced particles, with results showing that the surface
hardness of the composite post-FSP was 70 HV higher than the base material one. A 1.6 times
higher ballistics mass efficiency factor of the surface composite compared to the base material
one was obtained. Several studies used various kinds of reinforced particles, including silicon
carbide (SiC) [65], graphene (GNPs) [66], carbon nanotube (CNT) [67], and aluminium oxide
(Al203) [68].

Fabrication of in-situ composites can also be achieved utilising FSP. The in-situ method
provides thorough mixing of the introduced powder with plasticized substrate metal as a result
of a complex quasi-viscous material flow at temperatures below melting point [69]. There are
several existing in-situ composite combinations obtained using FSP, including aluminium
copper (Al-Cu) [70], aluminium copper oxide (Al-CuQ) [71], aluminium magnesium copper
oxide (Al-Mg-Cuo) [72], aluminium nickel (Al-Ni) [73] and aluminium titanium (Al-Ti) [74]. You
et al. [71] fabricated the aluminium based in-situ FSP composite using the Al-CuO powder
mixtures. The nanometre-sized Al,Os; and Al,Cu particles were used as composite
reinforcements, with outcomes revealing that the FSPed specimen consisted of a cluster of
Al,O3 nanopatrticles identified as amorphous. The FSPed composite had an average grain size
approximated to 1 pm which resulted in the composite having superior tensile strength and
ductility in comparison to the base material. The results obtained correlated with ones obtained
by other researchers, including Golmohammadi et al. [75], Mahmoud et al. [76] and Wang et
al. [77].



The FSP is versatile, such that Miles et al. [78] employed the method to repair a tapered crack
on the 304L stainless steel plate. The feasibility of FSP was demonstrated using a series of
randomly sequenced cracks of various widths. The results denoted that FSP only managed to
close the cracks with a narrow start and widening, but created voids on the cracks with a too
wide crack at the start. In four of six different crack cases, the UTS of the processed specimens
were greatly improved when compared to the base material. The increase in the UTS was a
result of the stir zone refined grain structure. However, due to the hardness inhomogeneity,
the elongation of the same specimens showed a decline compared to the base material one.
The hardness correlated with the stir zone grain size as stipulated in the Hall-Petch
relationship. Similarly, observations were conveyed by Al-Badour et al. [79] where FSP was
used to repair a crack of the AA6061 6 mm thick plate.

Recently there have been several studies of FSP to enhance the mechanical properties of
previously solid-state and fusion-welded joints. Mehdi and Mishra [80] evaluated the effect of
the FSP technique on the microstructure and mechanical properties of the TIG-welded
AAB6061/AAT7075 joints. The results showed that the FSPed TIG-welded joints had a higher
UTS than the TIG-welded joints. The hardness of the TIG-welded joint was higher than the
FSPed TIG-welded joints. The microstructural grain size decreased significantly post-FSP. The
FSP approach was used to enhance the performance of the magnesium AZ31 alloy joint [81].
FSP was employed using a different tool than the one for the fabrication of the joint. That,
therefore, resulted in a two-layered structure also known as the twining effect. The weakened
strain in deformation, together with the strengthening effect of the twin lamellae, improved the
mechanical properties.

Extensive research has also been conducted on the FSP variant SFSP following an initial study
by Sakurada et al. [82] who was the first to utilise the underwater process on the basis of
welding. The AA6061 alloy served as a base material. Results showed that it was possible to
generate enough friction for processing even though the workpieces were underwater. The
stirred region of the underwater weld joint showed a finer microstructure in comparison to the
one exposed to room temperature air conditions. The elongation of the underwater joints was
lower than the air. The results also revealed a hardness increase in AA6061 from 60 HV to 90
HV which led to a joint efficiency increase of 33%. Hoffman and Vecchio [83] introduced the
same method as a processing technique rather than welding. The SFSP method was utilised
to create an ultra-fine grain structure of the AA6061 alloy. The use of water as an operating
medium during FSP resulted in the dramatic reduction of conductive heat flow compared to
when FSPed under normal conditions. The grain size average was notably reduced to below
200 nm on the SFSP joint. Since then, many researchers have applied the SFSP for the same
applications as FSP under normal conditions.

Darras and Kishta [84] friction stir processed AZ31 magnesium alloy in normal and submerged
conditions to analyse the differences in tensile properties, grain structure, power consumption
and thermal fields. The average grain size of 18.9 um, 15.9 uym and 13.3 um was obtained for
FSP in the air, submerged in hot water and cold water, respectively. The most grain refinement
was in cold water FSP conditions. The thermal results revealed the peak temperature for weld
in the air as highest at 477 K. In the case of cold and hot water joints, it was 385 K and 433 K,
respectively. The time spent for the processing was 16.5s, 7s and 4s for FSP in air, submerged
in hot water and cold water. The results made evident that SFSP not only reduces the
temperature but also reduces the time spent processing the material. The uniform heat
absorption capacity of water results in a higher temperature gradient (along transverse and
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longitudinal weld axes) and a higher cooling rate in underwater friction stir welds as compared
to air-cooled welds [17].

Based on the work noted thus far in the available literature, it is clear that FSP has the ability
to enhance the properties of a single material surface as well as previously welded joints for
various alloys, not solely aluminium. However, there was little or no traceable literature of the
previous work where SFSP was used as the post-processing technique on FSW and TIG-
welded dissimilar joints. This present study explore the optimised conditions for the
performance of FSP on the FSW and TIG-welded AA8011-H14/AA6082-T651 dissimilar joints.
The submerged FSP AA8011-H14/AA6082-T651 dissimilar joints will then compared to those
produced under normal FSP conditions.

1.4 Research aim and objectives

The main aim of the study was to develop a new FSP method that can be used in the
enhancement of the mechanical properties of the FSWed and TIG-welded AA6082/AA8011
dissimilar joint. This aim was achieved through the following objectives:
i.  Two dissimilar aluminium alloy plates were welded using the TIG and FSW
techniques.
ii. These welded dissimilar plates were then friction stir processed using the vertical
milling machine used to perform FSW.
iii. Submerged (underwater) and normal (room temperature) FSP conditions were
applied.
iv.  The influence of the different FSP conditions on the said joints was compared.

1.5 Thesis outline

Chapter One presents the introduction, background, research objectives and review of relevant
literature of FSP. Chapter Two presents detailed literature relevant to the study and a summary
of this reviewed literature. Chapter Three presents the details about experimental setup and
performances. Chapter Four presents the results and discussions of the tests conducted,
whereby the NFSP-TIG results are compared to the SFSP-TIG ones and the NFSP-FSW to
the SFSP-FSW results. Chapter Five presents the study’s conclusions based on results
obtained. Recommendations are offered for future work in relation to the study. The thesis
outline is depicted in Figure 1.2.



CHAPTER 1
Infroduction
Problem statement
Background
Research objectives

[

S

CHAPTER 2
Literature survey
Reviewed literature

CHAPTER 3
Experimental setup

summary
||
| |
l
S S
CHAPTER 4 CHAPTER 5
Results and Conclusions
discussions Recommendations

And performances

s

REFERENCES

Figure 1.2: Thesis outline.




CHAPTER TWO
LITERATURE REVIEW

This chapter presents a detailed literature review related to the study at hand. The main focus
is based on three subtopics which form the core of this study: friction stir welding, TIG welding
and friction stir processing of aluminium alloys.

2.1. Friction stir welding of dissimilar aluminium alloys

The welding parameters during FSW of dissimilar aluminium alloys have a great influence on
the characteristics of the welded zone. Welding parameters can be categorised as machine
parameters (traverse speed, axial force, tool tilt angle and rotational speed) and the tool
parameters (that is, tool material, shoulder diameter, pin diameter, pin length and pin
geometry) [85]. Gowthaman and Saravanan [86] used FSW to join AA2024 and AA7075 alloys
to evaluate the effect of welding parameters with varying tool rotational speeds between 1000
rpm and 1400 rpm, tool traverse speeds between 20 mm/min and 40 mm/min with a constant
axial force of 4 kN. The microstructural results at high tool rotational speed reveal the presence
of coarsening grains due to high heat input and dynamic recrystallization in the deformed zone.
The UTS increased as the welding speed decreased. However, Kailainathan et al. [87]
determined that the tensile strength beyond the tool rotational speed of 1200 rpm depreciates
due to the distortion in the weld region caused by higher rotational speeds.

The material positioning and tool offset are vital for improving mechanical properties and
reduction of weld defects in FSW of dissimilar alloys [88-91]. The AA6061-T6 was friction stir
welded (FSWed) to the AA8011-H14 to investigate the impact of material positioning and tool
offset [92]. The welding parameters include a tool rotational speed of 1070 rpm, tool traverse
speed of 50 mm/min and a tool tilt angle of 2°. The positioning of the softer alloy AA8011-H14
on the advancing side of the tool, with a tool offset of 1 mm produced better joint properties.
The tensile test results showed a maximum UTS of 77.8 MPa and an elongation of 21.96%,
while the hardness was independent of the varied process parameters. A uniformly distributed
grain structure was found on the weld zone. Several reports in the literature agreed with the
positioning of the softer material on the advancing side of the tool, regardless of the dissimilar
aluminium combinations [87,89,93-95]. According to Lee et al. [96], and based on the findings
obtained on the analysis of the FSWed A356 and AA6061 results, the stir zone was dominated
by the material on the retreating side. Conversely, the outcome of the study by Priya et al. [97]
where the AA2219 and AA6061 were joined using FSW, revealed that the stir zone is instead
dominated by the material on the advancing side.

Mahmoud et al. [98] investigated the influence of material positioning and welding parameters
on the microstructural and thermomechanical issues of the FSWed AA6061/A390 weld. The
varying tool rotational speed was used with A390 on the retreating side and AA6061 on the
advancing side. The results indicated that the average grain size was larger when the A390
was positioned on the advancing side but smaller when the same alloy was placed on the
retreating side. This was due to the particle stimulated nucleation and the temperature
experienced by the weld. The strain rate on stir zone grain size was higher when the AA6061
was located on the advancing side. Similar observations were highlighted by Dinaharan et al.
[99]. Several studies reported that the material with higher strength should be placed on the
advancing side [100-105]. In the light of all the referenced studies, it is clear that material
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positioning during FSW of dissimilar aluminium alloys is circumstantial and dependent on the
welding parameters [106]. Table 2.1 samples the above reviewed literature, highlighting the
core parameters used.

Table 2.1: FSW of dissimilar aluminium (TRS-tool rotational speed, TTS-tool traverse speed,
RS-retreating side, AS-advancing side, NS-not specified, TPD-tool pin diameter, TPS-tool pin
shape, TPL-tool pin length, TSD-tool shoulder diameter)

Material FSW tool Welding Material Comments Ref
used parameters positioning .
AA2024 Material: AlISI Optimum AS: AA2024 Maximum UTS: [86]
AA7075 H13 TRS:1000 rpm RS: AA7075 214.23 MPa

TPS: straight TTS: 20 mm/min YS: 191.98 MPa

cylindrical Tilt angle 7° Elongation: 5.25%

TPD: 6 mm axial force: 4 kN

TPD: 20 mm

TPL:15 mm
AA8011 Material: High Tool tilt angle: 2° Optimum: Maximum UTS: 134 [87]
AA6063 carbon high steel  Optimised: AS: AAB011 MPa

TPS: hexagonal TRS: 1200 rpm RS: AA6063 Maximum hardness

TPD: 5 mm TTS: 60 mm/min 18 BHN

TSD: 20 mm Axial force: 10 kN
AA8011- Material: D2 steel  Tool tilt angle: 2° Optimum: Maximum UTS: [93]
H24 TPS: hexagonal TRS: 1200 rpm AS: 90.08 MPa
AA6061- TPD: 6 mm TTS: 50 mm/min AA8011- Elongation: 13.2%
T6 TPL: 5.7 mm Plunge depth: 2 H24

TSD: 18 mm mm RS:

AAB061-T6
A356 NS TRS: 1600 rpm AS: AA6061 Maximum UTS: 192 [96]
AAG061 TTS: 87-167 RS:A356 MPa
mm/min YS: 105 MPa
Tool tilt angle: 3° Microhardness: 75
HV

AA2219 Material: tool Tool tilt angle: 2° AS: AA6061 Maximum UTS 312 [97]
AA6061 steel TRS: 1600 rpm RS: AA2219 MPa

TPS: tapered WS: 40 mm/min YS: 303 MPa

TPD: 5 mm Tool offset: 1 mm Hardness: 140 HV

TPL: 4.8 mm (optimised)

TSD: 15 mm

FSW was employed to join the AA1050-H14 and AA5083-H111 to compare the microstructure
and mechanical properties of the specimens extracted at different weld positions (start, middle
and end) [107]. The welding parameters included a tool rotational speed of 1000 rpm, traverse
speed of 30 mm/min and a tool tilt angle of 2°. FSW was performed using a tool made of high-
speed steel with a tool shoulder diameter of 20 mm, pin diameter of 6 mm, pin length of 5.8
mm and a threaded pin profile. The specimens extracted from the start of the weld had low
tensile properties in comparison to those extracted from the middle and end of the weld. The
UTS of all specimens was lower than that of the AA5083-H111 BM but closer to the AA1050-
H14. All specimens showed a ductile fracture failure characterised by the presence of dimples.
Similar findings were reported in the literature [108]. Yadav et al. [109] conducted a study on
the FSW of AA1100 and AA6101-T6 alloys using an H13 cylindrical tool profile, with tool
parameters including a shoulder diameter of 18 mm, pin diameter of 3 mm and a pin length of
4.8 mm. The welding parameters were a tool rotation of 1500 rpm and a tool traverse speed
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of 30 mm/min. The macrostructure obtained revealed a tunnel defect on the joint surface. The
tensile test results were found to pose a UTS closer to the AA1100 BM but lower than that of
the AA610-T6 BM.

A microstructural analysis on the FSWed AA5052/AA6061 dissimilar joints was added in the
literature [110]; results indicated that both materials showed a similar texture at the interface
region of the nugget despite non-rigorous mixing of the materials. The tensile properties of the
dissimilar joint were better than of the AA5052 alloy (weaker strength) but lower than of the
AA6061 (stronger strength) alloy. In a similar study using aluminium grades to fabricate a
dissimilar FSWed joint analysing the effect of material locations [111], results reported different
material mixing patterns depending on the locations of the used BM. However, adequate
mixing only occurred when the AA5052-H32 alloy was placed on the advancing side and the
AA6061-T6 on the retreating side compared to the inverse. The microhardness of the HAZ of
the AA5052-H32 had the lowest value under both material positioning scenarios. Moreover,
the tensile test specimens all fractured on the HAZ of the same alloy.

Kan et al. [112] investigated the microstructure and mechanical properties of the friction stir
welded AA2219 and AA7475 similar and dissimilar aluminium alloy joints. The micro store
results suggested a nugget zone with a significantly refined grain structure due to dynamic
recrystallization instigated by the plastic deformation. The UTS of the dissimilar joint was
lower than those of similar joints due to the non-homogeneous movement of the materials
caused by the difference in the physical and mechanical properties. The similar joints were
more ductile than the dissimilar joints which had lower elongation. The TMAZ of the retreating
side for all the joints contained the minimum hardness due to thermal softening. According to
Amancio-Filho et al. [113], studying the tensile properties of the AA2024 and AA6056 FSWed
joints, results revealed thermal softening of the base materials caused by the poor tensile
strength. Moreover, the joint efficiency was at 56% of the AA2024 BM and 90% of the AA6056
BM. Similar behaviour was reported in the literature [114-115].

Numerous studies on dissimilar aluminium FSW have been conducted with regards to material
flow, microstructural evolution and mechanical properties behaviour. Niu et al. [116], for
example, evaluated the cyclic behaviour of the FSWed dissimilar AA2024-T351/AA7075-T65,
with welding parameters of 600 rpm for tool rotational speed and a traverse speed of 150
mm/min. Uniaxial symmetric push-pull cyclic deformation tests were performed at room
temperature. A stepwise increase strain amplitude of 0.1 to 0.6 was applied until the fracture
at a strain rate of 1 x 10-2, 3 x 10-3 and 1 x 10-3 s-1. The cut-off limit was 1000 cycles for
each level. Results indicated that the strength of the joint after 500 cycles at 0.5 strain
amplitude was equated to that of the AA2024 base material. The formation of dislocation was
found on the HAZ of AA2024. The cyclic hardening of the joints improved as the strain rate
decreased.

Wang et al. [117] performed a grain structure analysis on the FSWed AA5052-O and AA6061-
T6 dissimilar joint. The findings mentioned a discovery of numerous dislocations and
precipitates present on the TMAZ and nugget zone. A theory based on dislocation
arrangements was proposed to describe the function of dislocation cell structures in strain rate
hardening [118]. Cyclic deformation comprises frequent back-and-forth dislocation motions at
high cyclic stress resulting in the formation of dislocation of substructures like cell structures
and persistent slip bands [116,119]. The cyclic deformation strain rate influences plastic strain
which therefore results in material damage [116,119,120]. Several researchers conveyed
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cyclic hardening during cyclic fatigue/deformation of both similar and dissimilar aluminium
FSWed joints [114,121-122]. During the joining of dissimilar alloys, brittle intermetallic
compounds (IMCs) are a typical phenomenon [106]. Giraud et al. [102] expressed that the
formation of IMCs in the interface of two materials is difficult to control. Furthermore, the IMCs
could influence the mechanical properties negatively due to the brittle nature they pose.

2.2 TIG welding of dissimilar aluminium alloys

A feasibility study on the TIG welding of dissimilar aluminium alloys AA2124 and AA7075 was
conducted by Bindu et al. [123] with varying currents employed and a filler AA5356 alloy. With
macrographs used for inspection of the weld produced at different currents, it was inferred that
weldments at 100 amps were satisfactory. SEM analysis performed on open crack samples
determined that the weldments consisted of intergranular fractures due to the segregation of
the second phase along the grain boundaries. The hardness of the weld zone was significantly
increased. An analysis of mechanical properties of TIG-welded dissimilar aluminium alloy
AA2024 and AA6063 by Vijay et al. [124], with parameters of varying gas flow rate, voltage
current and root gap and a single butt V-joint, showed an increase in tensile strength of the
joint as the current and root gap increased. The hardness of the joint increased as the root gap
increased to 1-1.5 mm and the gas flow rate of 18-20 L/min.

Wang et al. [125] employed the TIG welding technique to fabricate a single and double-sided
joint of the AA7005-T6 and the AA5006-O of a ring stiffed closed cylindrical shell. The study
parameters are presented in Table 2.2. The tensile tests results showed a UTS of 78.87% and
yield strength of 97.24% of the AA5005-O BM. The elongation was 84.29% of the AA7005-T6
BM. The fusion zone, consisting of coarse grain size at high heat input, suggested that higher
heat input potentially leads to complete dissolution of the strengthening precipitates in the
fusion zone, which will result in deterioration of tensile strength and hardness. In the HAZ of
the AA7005-T6, there was an emphasised hardening and softening zone as well as the solid
solution precipitates of the Rayleigh brilliant n’ (MgZn;) phase.

Safari et al. [126] investigated the tensile properties of the TIG-welded AA6061-T6/AA7075-T6
dissimilar joints using a 1 mm narrow gap between the plates during the butt welding. The
process parameters included an alternative current of 200 A, a gas flow rate of 25 ml/min and
a voltage of 15 V. The ER4043 with a 2.4 mm diameter served as a filler metal. The ER4043
has a high content of silicon which favours the penetration of molten metal in the welding zone.
Additionally, silicon also increases the fluidity of the melt [127]. Argon was used as a shielding
gas. The tensile properties of the dissimilar joint obtained were UTS of 110 MPa, yield strength
of 100 MPa and elongation of 1.8%. All obtained tensile properties were lower compared to
the BM ones. This was substantiated as caused by the precipitation hardening properties of
the T6 heat treatment which were dissolved due to high heat generated during the TIG welding
process. Similar findings were reported by Patil et al. [128] using the same aluminium alloy
grade with the same T6 condition.

Ishak et al. [129] subjected the AA6061/AA7075 to TIG welding to prove the conviction that
filler wire has a significant impact on joint strength. Two different filler metals — ER4043, which
has a high silicon content, and ER5356, which has a high magnesium content — were subjected
to several tests, including visual appearance, microstructure and hardness tests. The results
revealed that welding using filler ER5356 produced deeper penetration compared to filler
ER4043. The use of ER5356 resulted in a penetration depth of 1.74mm and 0.9mm of
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penetration was accomplished when using ER4043. Microstructures at different zones of
dissimilar TIG joints (such as the fusion zone, the PMZ and the HAZ) were identified. The
ER5356 had a finer average FZ grain size of 11.4 ym, while the filler ER4043 was 19.5um.
The hardness also followed the same grain size pattern with the ER5356 filler specimens
higher than the filler ER4043 ones. Overall, the specimens TIG-welded using the ER5356 filler
yielded better joints compared to ER4043 ones.

The AAG6082/AA8011 were butt-welded using TIG welding to investigate deformation
behaviour during tensile testing [130]. The UTS and yield strength reportedly increased as the
current increased. The use of different filler material diameters had a minimal effect on the
UTS. The hardness of the dissimilar joint increased significantly at the current of 80 A and gas
flow rate of 6 L/min compared to the AA8011 BM. The mechanical properties of the
AA5083/AA6B061 pulsed TIG-welded dissimilar joints were evaluated [131]. Varying process
parameters were applied to obtain optimised parameters. The tensile test results showed a
UTS of 213 MPa, yield strength of 176 MPa and elongation of 12%. SEM analysis of the post-
tensile specimens revealed a ductile dimple rupture from excessive heat and impurities which
hindered micro-level weld integrity.

Sayer et al. [132] evaluated the microstructure and mechanical properties of the TIG-welded
AA2014/AA5083 dissimilar joints with a V joint configuration with a 2 mm gap between the
plates. Two passes of the TIG-welds was applied on one side. The welding parameters used
are presented in Table 2.2. The microstructural results of the fusion zone showed a
nonhomogeneous coarse grain distribution compared to AA2014 and AA5083-O base
materials. The UTS of 175 MPa was obtained for the dissimilar joint AA2014/AA5083 with a
yield strength of 128 MPa and elongation of 2.6%. The tensile properties achieved were lower
than both BMs. The tensile specimens fractured in the welded region. SEM analysis revealed
a brittle nature of the fracture with the hardness sharply decreasing 84 HV towards the HAZ
region of the AA2014 side from severe heat input. However, the hardness increased in the
fusion zone on the AA2014 side, followed by a decrease at the weld centre, due to the high
silicon content of the filler material.

ER4043 filler wire was used during the TIG welding of the AA5083-H111/AA6061-T6 alloys
[133], with welding parameters presented in Table 2.2. The microstructure was primarily
dominated by fairly coarse columnar grain structure. Defects like micropores and cavities were
detected. The tensile property results included a UTS of 133 MPa, elongation of 4% and a joint
efficiency of 35.38%. The hardness of the dissimilar joint was approximately 105 HV which
was more than the AA5083-H111 BM but less than the AA6061-T6 BM. The increase in
hardness was due to the formation of the large magnesium silicon (Mg.Si) precipitates. Similar
research was found in the literature [134-136].

13



Table 2.2: TIG welding of aluminium alloys (WC-welding current, WS-welding speed, PT-plate
thickness, Q-gas flow rate, FZ-fusion zone, YS-yield strength, V-voltage, F-frequency, FW-filler
wire, NS-not specified).

Material used Welding parameters Comments Ref.
AAT7005-T6 Q:24 L/min Maximum UTS: 281.08 MPa [125]
AA5005-0 V:25V YS: 157.33 MPa

WC: 260 A Elongation: 11.43%

WS: 200 mm/min Hardness: 86 HV

PT: NS

FW: ER5356
2AA8011 Q:25 L/min Maximum UTS: 110 MPa [126]
AAB063 V:15V YS: 100 MPa

WC: 260 A Elongation: 1.8%

WS: 200 mm/min

PT: 6 mm

FW: ER4043
AA5083-0O Optimised: Maximum UTS: 213 MPa, [129]
AA6061-T651 Pulse frequency: 2 Hz YS: 176 Mpa

V:13.2V Elongation: 12%

WC: 175 A

WS: 155 mm/min

PT: 6.35 mm

FW: ER5356
AA2014 WS: NS Maximum UTS: 175 MPa [132]
AA5083-0 V:14V YS: 128 Mpa

WC: 140-150 A Elongation: 2.6%

Q: 10 L/min Microhardness: 84 HV

PT: 5 mm

FW: ER4043
AA5083-H111 WS: 150 mm/min Maximum UTS 133 MPa [134]
AAG061-T6 V:16 'V Elongation 4%

WC: 200 A Hardness: 105 HV

Q: 40 L/min

PT:5mm

FW: ER4043

2.3 Friction stir processing of welded aluminium alloy joints under normal conditions

Fuller and Mahoney [137] employed FSP to modify the microstructure and mechanical
properties of the AA5083-H321/AA5356 dissimilar metal inert gas (MIG). Four specimens were
examined: the BM, the weld toe FSP advancing and retreating side of the FSP tool, and the
weld crown. Microstructural results revealed a fine grain structure on the FSPed region
consisting of smaller constituent particles. The particles found in the arc weld nugget, HAZ and
BM were the Mg.Si and the As(Fe Mn). FSP resulted in the strengthening of grain sizes due to
grain refinement and precipitate strengthening. The application of FSP improved UTS of the
fusion welded joint from 259 MPa to 306 MPa and yield strength from 162 MPa to 193 MPa.
However, the elongation declined from 36% to 33%. The increase in tensile strength was due
to the dynamic recrystallization that occurred during FSP leading to the grain refinement. The
fatigue strength of about 107 cycles was higher compared to the fusion-welded one during the
four-point bending fatigue analysis.
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The impact of FSP on the TIG-welded dissimilar AA6061/AA7075 joint was explored by Mehdi
and Mishra [138], with different wire fillers (ER4043 and ER5356) used to produce the TIG-
welded joints prior to FSP. The results showed the UTS and hardness improved with an
increase of the tool rotational speed. However, residual stress declined under increased tool
rotation. The resulting residual stress of 71 MPa was obtained for the TIG-welded joint at the
FZ for filler ER4043 while the FSPed TIG-welded one was 37 MPa. The fractured tensile
specimens showed large and quasi-cleavage with sharp edges for both fillers on the TIG-
welded specimens, while the FSPed ones consisted of fine dimples in the nugget zone. That,
therefore, represented better mechanical properties. The microstructural grain size ranged
from 3.2-4 um. The grain sizes were determined as inversely proportional to the tool rotational
speed. The ER5356 and tool rotational speed were found to results in better results. The
impact of FSP on the microstructure and mechanical properties of the AA6061-T6/AA7075
TIG-welded joints were examined [80]. The tensile tests revealed that the UTS and
microhardness of the FSPed TIG-welded dissimilar joint were higher than the TIG-welded joint.
The grain size refinement was responsible for the improvements in the tensile properties. The
obtained microhardness was 105 HV, UTS of 255 MPa with an elongation of 29.2%.

Divereddy et al. [139], subjecting the TIG-welded AA2014 joint to FSP for the evaluation of
microstructure and mechanical properties of the joint, used FSP parameters of a tool traverse
speed of 1200 rpm and a tool traverse speed of 1.1 mm/s. The application of FSP resulted in
the elimination of defects that were present prior like voids, gas pores and porosities. The grain
structure was transformed from coarse to equiaxed homogeneous grain structure. The tensile
properties were greatly improved as a result of the significantly refined microstructure. The
hardness of the FSPed TIG-welded joint was higher than the TIG-welded joint. Similarly, the
AA5083-H111 TIG-welded joints were FSPed to modify the joint properties [140]. The
application of FSP increased flexural strength and tensile strength, an increase due to the
refined microstructure post-FSP. The ductility of the FSPed TIG-welded joints was also
improved. SEM analysis also revealed the best-reduced dimple sizes in comparison to the
TIG-welded ones.

The FSWed AAA1050-H14/ AA6082-T651 dissimilar joint was FSPed to evaluate the effect of
material positioning on the mechanical properties of the joint [141]. A comparative analysis on
the FSW and FSPed FSW with AA1050-H14 considered the different material positioning
(advancing retreating side) to assess optimised conditions. The microstructure showed a
significant grain refinement during FSW, and FSP was achieved when the AA1050 was
positioned on the retreating side and the AA6082-T651 on the advancing side. However, when
comparing the grain sizes of the nugget zones, the FSPed ones showed very fine grain size
compared to the FSWed ones. The grain refinement improved the tensile strength of FSPed
joints more than of the FSWed ones. Likewise, the hardness of the FSPed was greatly
improved. The SEM of the FSPed joints showed more ductility than the FSWed ones. Similar
findings on the impact of FSP on the FSW joint were reported in the literature [142-143].

According to Da Silva et al. [144], after applying FSP on the MIG-welded AA6082-T6 joints
with and without reinforcement, the microstructure for the FSPed MIG joints had the finest
grain structure with and without reinforcements compared to the MIG ones. The improvement
was due to the geometric modification and removal of the defects that were present in the MIG
grain structure like porosity and lack of wetting in the weld zone. However, the FSPed MIG
weld with reinforcements had a finer grain structure than the FSPed without reinforcements.
Therefore, the FSPed MIG with reinforcements resulted in better tensile properties. The FSP
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technique improved the mechanical and fatigue behaviour of the AA5083-H111 MIG-welded
joints [145]. Two different stress ratios (R=0 and R=-1) under constant loading were employed
during the fatigue tests, with fatigue strength significantly improved due to the refinement of
the microstructure grains, removal of porosities and the reduction in stress concentration.
However, a minimal increase in hardness and decrease in elongation of the tensile specimens
were reported. Similar findings were reported in the literature [146-147].

The influence of FSP on the TIG-welded AA2024/AA6082-T6 joints was studied by Mehdi and
Mishra [148]. Varying tool rotational speed and a constant tool traverse speed of 25 mm/min
were applied to reach optimised process parameters. The microstructure revealed that FSP
transformed the coarse grain dendritic structure produced by the TIG-welded joint to a fine
grain one. The refinement of the grain structure resulted in significantly improved hardness of
the FSPed TIG-welded joint compared to the TIG-welded one. Similarly, the UTS and
elongation of the FSPed TIG-welded joint were higher than the TIG-welded joint. The
examination of the TIG-welded dissimilar AA7075/AA6061 joints processed using varying tool
rotational speeds was added in the literature [149]. The tool rotational speeds were varied from
700 rpm to 1000 rpm using increments of 100, while the tool traverse speed was maintained
at 70 mm/min at a tool tilt of 1°. The maximum tensile strength was improved by 78.57% at
1100 rpm compared to the TIG-welded joints. A ductile fracture characterised by the cleavage
facets, large dimples and teared ridges were reported on the fracture surface analysis of the
post-tensile test specimens. The FSPed joints had superior wear resistance compared to the
TIG-welded joints.

Kianezhad and Raouf [150] used a single-pass FSP to improve the properties of the TIG-
welded AA5083 joints using the Al,O3 particles. The tensile properties post-FSP showed an
increase of 29% in the yield strength, a UTS increase of 18% and impact energy increase of
56% compared to the TIG-welded ones. A fracture surface analysis revealed a ductile
classification fracture while the TIG-welded one revealed a brittle fracture. The ductility was
due to the uniform distribution of reinforcement particles and the greatly refined microstructure.
Saad et al. [151] demonstrated that the TIG-welded AA7020 joint hardness could be improved
using the FSP technique: hardness of the FSPed TIG-welded joint was improved by 118.5%
compared to the TIG-welded joint one and 103.6% compared to the base material one. Similar
findings on the improvement of the TIG-welded joints using FSP were reported in the literature
[152]. Table 2.3 presents a sample of the referenced summary of FSP of welded aluminium
alloy joints to show the various tool and process parameters applied.

Table 2.3: FSP of welded aluminium alloy joints (TRS-tool rotational speed, TTS-tool traverse
speed, RS-retreating side, AS-advancing side, NS- not specified, TPD-tool pin diameter, TPS-tool
pin shape, TPL-tool pin length, TSD-tool shoulder diameter, El-elongation).

Material FSP tool Welding Material Comments Ref.
used parameters positioning
AA5083- Material: H13 tool TRS: 1600 rpm AS: 5083 MIG [137]
H321 steel TTS: 40 mm/min  RS:5356 UTS: 259 MPa
AA5356 TPS: Conical NP: 2 YS: 162 MPa

tapered EL: 36%

TPD: 6.35-4.6 FSP

mm UTS: 306 MPa

TSD: 11 mm YS: 193 MPa

TPL: 3 mm El: 33%

16



AA2014 Material: EN 31 Tool tilt angle: 3°  NA TIG [139]
TPS: cylindrical, Optimised: UTS: 200 MPa,
TPD: 6 mm TRS: 1200 rpm Hardness: 80 HV
TSD: 18 mm TTS: 1.1 mm/s FSPed TIG
TPL: 2 mm Axial force: 10 UTS 180 MPa, HV
kN 115 HV
AA5083 Material: H13 Tool tilt angle: 2°  NA TIG [140]
steel, TRS: 1000 rpm UTS: 155 MPa
TPS: Threaded, TTS: 60 mm/min El: 8%
TPD: 6 mm Axial force: 4 kN Hardness: 85 HV
TSD: 18 mm FSPed TIG
TPL: 5.8 mm UTS 250 MPa
El: 23%
Hardness: 95 HV
AA1050- Material: H13 Tool tilt angle: 2°  Optimised FSW [141]
H14 steel TRS: 1200 rpm AS: UTS: 80.1 MPa
AA6082- TPS: Spiral TTS: 40 mm/min AA1050-H14 YS: 54.9 MPa
T651 TPD: 7 mm Axial force: 4.5 RS: El: 20.7%
TSD: 20 mm kN AA6082- Hardness: 50 HV
TPL: 5.8 mm T651 FSPed FSW
UTS 83.2 MP
YS: 61.1 MPa
El: 23.6
Hardness: 80 HV
AA6082 Material: H13 tool  Tool tilt angle: NA MIG (R) [144]
steel 2.5° UTS: 221 MPa,
TPS: threaded TRS: 1500 rpm Efficiency: 67%
TPD: 4 mm TTS: 240 Hardness: 85 HV
TSD: 20 mm mm/min FSP MIG (R)
TPL: 2.9 mm NP: 4 UTS: 225 MPa
Efficiency: 68%
Hardness: 80 HV
AA6082-T6  Material: EN31, Tool tilt angle: 2°  AS: AA2024 TIG [148]
AA2024 TPS: cylindrical, Optimised: RS: AA6063 UTS: 204.2 MPa
TPD: 6 mm TRS: 1200 rpm El: 4.5%
TPL: 2 mm TTS: 25 mm/min Hardness: 57 HV
TSD: 18 mm Axial force 6 kN FSPed TIG
UTS 223.7 MPa
El: 7.1%

Hardness: 65 HV

2.4 Submerged friction stir processing of aluminium alloy joints

Feng et al. [153] investigated the effect of SFSP on the microstructure of the AA2219 plate.
FSP application resulted in a nugget zone having a significant grain size reduction from 17 um
of the base material to 1.1 pm. The grain size decreased as the tool rotational speed
decreased. The nugget zone softening also decreased as the heat input decreased. The
formation of the equilibrium 6 precipitates resulted in a decrease in the hardness of the nugget
zone. As the tool rotational speed increased, the hardness of the nugget zone decreased. The
refinement of the grain size, however, did not prevent the yield strength from decreasing from
107 MPa to 35 MPa. This was substantiated as caused by the T6 strengthening precipitate
sensitivity to heat. The hardness behaviour was based on the antagonism between the material
softening caused by the over-ageing of the precipitates and the microstructure grain refinement
strengthening.

An analysis on the microstructure and mechanical properties of the FSPed AA2014 plate under
different cooling conditions was conducted [154], with the FSP condition as air (hormal) and
water. The nugget zone SFSP microstructure showed a fine equiaxed and misoriented grain
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structure with an average of 1.9 to 3.1 um, while the base material ones showed a large coarse
grain size. Regardless of the FSP conditions, FSP produced significantly reduced grains and
second phase particle size. Grains with random orientation were also found in the nugget
zone. The intensity of texture in the nugget zone was improved due to rapid cooling, suggesting
that a different mechanism of grain refinement might have occurred through the discontinuous
dynamic recrystallization. Furthermore, the increase in cooling rate improved the FSPed
microhardness and UTS specimens.

SFSP was used to enhance the superplastic behaviour of the AA7075 alloy [155]. The
submerged medium used included normal room temperature air and hybrid conditions such as
compressed air, water and carbon dioxide (COy for a variety of cooling rates. The lowest
processing temperature was obtained under the CO; conditions. However, the nugget zones
of all the FSP conditions were confirmed as consisting of fine equiaxed grain sizes. A higher
cooling rate was reported on the hybrid FSP condition samples which resulted in a significant
grain reduction of the specimens. This phenomenon hindered the nugget zone grain
coarsening. Amongst the hybrid conditions, the CO, had the most refined grain size of 1.96
um. The same specimen had a significantly improved elongation of 572% due to the enticing
grain size, resulting from low heat input during FSP. Similar studies were added to the literature
[156-157] where water was used as a cooling medium to obtain a fine grain structure of
AAT7075 alloy.

Mehrain et al. [158] investigated the impact of various FSP conditions (air, dry-ice, water and
liquid nitrogen) on the microstructure and corrosion of the aluminium magnesium alloy
AA5052-H32. Process parameters included varying tool rotational speeds and tool traverse
speeds with a constant tool tilt angle of 2.5°. The results showed significant grain refinement
from 49.4 to 1 um due to the controlled FSP conditions which posed a detrimental impact on
the electrochemical behaviour due to the corrosion phenomenon wherein grain boundaries
were activated. The annealed SFSPed Al-Mg alloy under tool rotation of 800 rpm and tool
traverse speed was reported as an inferior electrochemical property with the highest corrosion
rate of 0.01814 mm/year. Similarly, Khodabakhshi et al. [159], assessing the impact of SFSP
(air, water with dry ice and liquid nitrogen) on the microstructure and mechanical properties of
the same alloy AA5052, confirmed an average grain size of 3.6 um under air, 1.2 um for water
mixed with dry ice and 200 nm for liquid nitrogen. The hardness followed the same trend as
that of grain sizes with maximum hardness found on the liquid nitrogen FSP condition and
minimum on the FSP air. Similar behaviour was also established on the UTS.

Many other studies have shown that employing cooling during FSP results in ultra-fine
microstructure grain sizes (UFG) [160-161,164-169]. The UFG structures, in turn, bring
significantly improved tensile strength and wear resistance [160-161]. The UFG is
acknowledged as possible only in SFSP conditions since during the NFSP the plastic strain
and frictional heat cause a dynamic recrystallization (DRX) mechanism which limits the grain
refinement to 2-3 um [23, 162-163]. The UFG in the SFSP nugget zone is promoted by the
forced cooling [169]. Table 2.4 presents a sample of the SFSP parameters and outcomes.

Table 2.4: SFSP of aluminium alloy joints (TRS-tool rotational speed, TTS-tool traverse speed,
AGS- average grain size, NS- not specified, TPD-tool pin diameter, TPS-tool pin shape, TPL-tool
pin length, TSD-tool shoulder diameter, El-elongation).

Material SFSP tool Welding Material Comments Ref.
parameters positionin
9
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AA2219-  Material: TRS: 600-1000  AS: 5083 BM [153]
T6 Standard tool rpm RS:5356 AGS: 17 um
steel TTS: 200 YS: 107 MP
TPS: Pinless mm/min Hardness: 138 HV
TSD: 22 mm Tool tilt angle: SFSP
TPL: 3 mm 2.5° AGS: 1.1 ym
YS: 35 MPa
Hardness: 100 HV
AAT7075 Material: M2 Tool tilt angle: NA Optimised condition: [155]
steel 2° FSP-CO:2
TPS: Conical, Optimised: SFSPed CO2
TPD: 6-3 mm TRS: 765 rpm AGS: 1.96 pm
TSD: 20 mm TTS: 31.5 mm/s El: 572%
TPL: 6 mm Axial force: 10 UTS 180 MPa
kN HV 115 HV
AA5052 Material: H13 Tool tilt angle: NA BM [156]
H32 hardened steel 2.5° AGS: 49.4 um
TPS: Threaded  TRS: 800-1400 SFSPed
TPD: 5 mm rpm AGS: 1 ym.
TSD: 18 mm TTS: 50-200
TPL: 4 mm mm/min
Axial force: 4
NS
AA5052- Material: H13 Tool tilt angle: NA BM [159]
H32 steel 2.5° AGS: 49.4 pm
TPS: Threaded, TRS: 1400 rpm Hardness: 51 HV
TPD: 5 mm TTS: 50 mm/min UTS: 180 MPa
SD: 20 mm Axial force: NS YS: 68 MPa
TPL:4 mm NP: 4 El: 29.5%
SFSP (optimised)
AGS: 200 nm
UTS: 279 MPa
YS: 168 MPa
El: 21%
Hardness: 165 HV
AA6061- Material: H13 Tool tilt angle: NA BM [166]
T6 steel, 2.5° AGS: 80 um,
TPS: Threaded  TRS: 50-2000 Hardness: 90 HV
TPD: 4 mm rpm SFSP optimised
TSD: 20 mm TTS: 12- 800 AGS:
TPL:6 mm mm/min
Axial force: NS
NP: 4

2.5 Summary

In all the work that has been performed thus far, the bulk of the focus has concerned NFSP
and SFSP as enhancement techniques of single surfaces on aluminium alloys. Moreover, the
common mechanical properties analysed include the tensile test, fatigue and microhardness.
These properties are studied in correlation with the microstructure. Limited literature was
reported where NFSP was employed as a post-weld processing technique for TIG and FSW
dissimilar weld joints. However, there was no traceable literature where SFSP was employed
on the TIG and FSW welded dissimilar joints. The focus of this present study will be based on
using NFSP and SFSP as a post-processing technique to the dissimilar welded joints produced
by TIG and FSW. The mechanical properties of the NFSP joints will be compared with those
of the SFSP to determine the FSP conditions with better joint quality.
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CHAPTER 3

EXPERIMENTAL SETUP AND PERFORMANCE

This chapter focuses on the description and discussions of the equipment utilised in conducting
the experiments associated with the study at hand. This includes the welding techniques for
fabricating the joints that were later subjected to FSP. The chosen welding techniques
employed to fabricate the weldments were TIG welding and the FSW. The welding conditions
applied are detailed in this chapter. The specifications regarding the experiments performed
on the FSPed weldments are also discussed in detail in this chapter.

3.1 Welding setup
The following equipment was used in producing the welds:

e guillotine shear master cutting machine;
e TIG machine; and
e friction stir welding machine.

3.1.1 Guillotine shear master cutting machine

Figure 3.1.1 displays the guillotine shear master machine which is known for its versatility. The
model of the machine was the TA Shear Master brand. The guillotine, as commonly referred
to, is applicable for cutting alloys and sheet metals with a maximum thickness of 6 mm. For
cutting purposes, the material to be cut must be marked to the desired dimensions for
alignment. The plate or sheet is then positioned on the machine bed, with the markings aligned
with the cutting blade. Once the plate is in position, the blade is lowered by either pressing the
foot pedal or the start button on the left hand to execute the cutting. The offcut piece then falls
into the provided receiver box.

s B £ -~

Figure 3.1.1: Guillotine shear master cutting maﬁhine: (a) front view; (b) side view'.
3.1.2 TIG welding equipment

Figure 3.1.2 illustrates the JAVWELD TIG welding machine. During TIG welding, the electrode
is charged with enough voltage to create an arc with the part and enough amperage to
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generate the necessary heat to melt the parts that must be welded together. Once the little
pool of molten metal has been created, the metal filler can be added. This is to fill up the space
between the parts and to strengthen the joint. Once the rhythm is established, the filler is added
and spread with the torch. The finished typical pattern of this technique resembles stacked
coins. However, when joining thick plates, it is ideal to bevel the edges to a V-shaped gap
between the pieces to ensured the deep penetration of the weld [170].

Figure 3.1.2: TIG welding machine.
3.1.3 Friction stir welding machine

The LAGUN FA. 1-LA conventional milling machine (see Figure 3.1.3) was successfully
converted into a friction stir welding machine. The FSW machine consists of X, Y and Z bed
movement controls. The FSW technique works by placing the two work pieces on the bed of
the fixture. To avoid movement during the process, the mechanical clamps and bolts fasten
the work pieces tightly. The head is lowered until the rotating tool pin is inserted at the centre
of the two materials or required offset distance until the tool shoulder face contacts the abutting
edges. The tool is made of two components, the pin (probe) and the shoulder, which is
relatively large in diameter. The length of the pin is usually closely matched to the thickness of
the workpiece [171]. The rotating tool pin creates frictional heat causing the material to melt
plastically. Once sufficient heat has been generated, the rotating tool then traverses forward
leaving a continuous joint behind until the end of the plates where the tool is unplugged leaves
an exit hole.
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Figure 3.1.3: FSW machine.
3.2 Welding performance

AA6082-T651 and the AA8011-H14 aluminium alloy plates with a 6 mm thickness were utilised
in this study. Table 3.2(a) presents the chemical composition of the materials used while Table
3.2(b) presents the mechanical properties. The plates were cut using the guillotine machine to
the dimension of 250x55x6 mm. Figure 3.2(a) shows the dimensioned plate diagram. The
dissimilar plates combination sample is shown in Figure 3.2(b). The dimensions were chosen
based on the dimensions of the FSW fixture bed. The dissimilar aluminium alloy plates were
joined using the two previously mentioned welding techniques, i.e. FSW and TIG welding
techniques. The welded joints were later FSPed using the FSW machine.

Table 3.2: (a) Chemical position of the materials wt% [172].

Mg Zn Ti Cr Si Mn Fe Ni Cu Al

AA6082-T651 1.229 0.544 0.040 0.000 1.211 0.330 0.679 0.095 0.028 Bal
AA8011-H14 0549 0.622 0.027 0.028 0.375 0.758 1.332 0.105 0.051 Bal

Table 3.2: (b) Mechanical properties of the materials [173].

Tensile Strength Yield Strength Elongation (%) Hardness
(MPa) (MPa)
AA8011 94.1 76 40.17 33.5HV
AA6082-T651 308 270 25.42 89.6 HV
A
@ T I‘
an
\ 4
< 250 R
(b)

Figure 3.2: (a) Plate with dimensions in mm; (b) dissimilar combination sample.
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3.2.1 TIG welding process

The TIG welding technique was used to fabricate a dissimilar joint of the AA8011-H14 and
AA6082-T651 plates. Prior to the application of TIG welding, the edges of the plates were
prepared such that they had dissimilar combinations for a 60° double V-shaped groove. The
double V-shaped groove is advisable for thick metals where welding can be performed on both
sides as it uses less filler material than a single wide V-shaped joint. Other benefits of using a
double V-shaped groove are to balance in the welding residual stresses and to minimise weld
distortion [170, 174]. Argon gas was used as a shielding gas, selected because of the benefits
it possesses: it is a noble gas, it keeps welds clean and pure, it is not flammable nor corrosive
and it prevents oxidation [174]. Prior to TIG welding, acetone was used to clean the dirt and
contamination on the surfaces to be welded. The steel wire brush removed the oxide layer.

(a) 60°

AAB082-T651

AA8011-H14 TIG-welded joint

Figure 3.2.1: (a) Double V-shaped groove diagram; (b) plates configuration; (c) sample of a TIG-
welded joint.

The ER4043 wire filler with a 2.4 mm diameter was used to fabricate the dissimilar joint. This
filler was chosen based on previous studies wherein comparison with other fillers produced
more sound results [174]. Table 3.2.1(a) shows the chemical composition of the wire filler. The
welding parameters are presented in Table 3.2.1(b). Figure 3.2.1(c) shows a sample of a TIG-
welded point formed. A total of five TIG-welded plate sets were produced. One set was kept
for comparison while four sets were later friction stir processed under different conditions
considering the material positioning.

Table 3.2.1(a): Wire filler chemical composition [175].

Mg Zn Ti Si Fe Cu Al
ER4043 0.05 0.10 0.02 5.3 0.8 0.025 Bal

Table 3.2.1(b): TIG welding parameters.

Voltage (V) Shielding Current (Amps) Gas flowrate (L/min)  welding speed
gas (mm/min)
35 Argon 115 25 40
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3.2.2 Friction stir welding

Figure 3.2.2(a) shows the FSW tool used in this study. The square pin with flute tool
dimensions are presented in Table 3.2.2. The pin was made of high-speed steel. Friction stir
welding was performed on the two dissimilar alloy plates. The respective tool was a fixed type
due to the materials used having a uniform thickness. The tool pin was positioned in the centre
of the two materials, with no offset distance used. A single-pass welding procedure fabricated
the joints. No special treatment on the plate surfaces was carried out before welding. During
the application of FSW, the two dissimilar aluminium alloy plates were clamped together tightly
on the FSW fixture. The process parameters were predetermined using the Taguchi L9
method. The optimised process parameters are presented in Table 3.2.2. Material positioning
was considered during the FSW process. Figure 3.2.2(b) presents the FSW with AA6082-T651
positioned on the retreating side of the tool and AA8011-H14 on the advancing side of the tool.
Figure 3.2.2(c) shows FSW with AA6082-T651 positioned on the advancing side of the tool
and AA8011-H14 positioned on the retreating side of the tool. The samples of the FSW plates
are depicted in Figure 3.2.2(d-e). A total of six FSWed plate sets were produced. Two sets
were retained for comparison while the four sets were later friction stir processed under
different conditions taking the material positioning into consideration.
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Figure 3.2.2: (a) FSW pin used; (b) FSW AA8011-AS; (c) FSW AA6082-AS;
(d) FSW AA8011-AS joint; (e) FSW AA6082-AS joint.

Table 3.2.2: FSW/FSP welding parameters.

Parameter Condition
Tool shoulder diameter 20 mm
Tool probe diameter 7 mm

Tool pin length 5.8 mm
Rotating speed 1200 rpm
Traverse speed 55 mm/min
Dwell time 20s

Tool plunge depth 5.8 mm
Axial force 4 kN

Tool tilt 2°

3.2.3 Friction stir processing

Friction stir processing under normal conditions (NFSP) was performed on the friction stir
welded dissimilar AA8011/AA6082 joints and on the TIG-welded dissimilar AA8011/AA6082
joints using the same machine as for FSW. The FSW parameters and tool were also used for
FSP. Similar studies in which the same tool used for FSW was used for FSP were reported in
the literature [176-178]. The FSW dissimilar joints produced with the AA6082 alloy on the
advancing side were FSPed using the same material positioning. Similarly, the FSW dissimilar
joints produced with AA8011 alloy on the advancing side were FSPed utilising the same
material positioning. Figure 3.2.3(a-b) depict the setup scenarios for the FSP on the FSW
dissimilar aluminium alloy joints. The NFSP-FSW dissimilar aluminium alloy joints are
presented in Figure 3.2.3(c-d). A similar procedure was followed for the TIG-welded joints.
The setup scenario for the FSP of the TIG-welded joints is depicted in Figure 3.2.3(e-f). The
FSP-TIG-welded dissimilar aluminium alloy joints are illustrated in Figure 3.2.3(g-h).
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Figure 3.2.3: (a) NFSP of the FSW joint (AA8011-AS); (b) NFSP of the FSW joint (AA6082-AS);
(c) NFSP-FSW joint (AA8011-AS); (d) NFSP-FSW joint (AA6082-AS); (e) NFSP of the TIG-welded
joint (AA8011-AS); (f) NFSP of the TIG-welded joint (AA6082-AS);

(g) NFSP-TIG joint (AA8011-AS); (h) NFSP-TIG joint (AA6082-AS).

3.2.4 Submerged friction stir processing

Submerged friction stir processing was performed on the friction stir welded and TIG-welded
joints using the FSW machine. The submerged fluid was tap water at room temperature. The
water inside the SFSP fixture was maintained at the head of 45 mm for the entire process.
The parameters employed to perform the SFSP were the same as those used for NFSP,
except the tool traverse speed was reduced to 40 mm/min and the tool rotation to 900 rpm.
The changes were due to the pre-determination using the Taguchi method. The SFSP was
executed taking into consideration the material positioning as previously explained for the
NFSP process. Figure 3.2.4(a-b) shows the SFSP of the FSW joints. The produced SFSP-
FSW dissimilar aluminium alloy joints are presented in Figure 3.2.4(c-d). The SFSP of the TIG-
welded joints are depicted in Figure 3.2.4(e-f) and the produced SFSP-TIG dissimilar
aluminium alloy joints are shown in Figure 3.2.4(g-h). A total of four SFSPed plates were
produced, two for the SFSP-FSW and the other two for the SFSP-TIG dissimilar aluminium
alloy joints.
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Figure 3.3.4: (a) SFSP of the FSW joint (AA8011 advancing); (b) SFSP of the FSWJomt (AAG082

advancing); (c) SFSP-FSW joint (AA8011 advancing); (d) SFSP-FSW joint (AA6082 advancing);

(e) SFSP of the TIG-welded joint (AA8011 advancing); (f) SFSP of the TIG-welded joint (AA6082
advancing); (g) SFSP-TIG joint (AA8011 advancing); (h) SFSP-TIG joint (AA6082 advancing).

3.3 Weldments analysis preparation

The equipment and techniques for analysing the weld joints obtained through the steps
explained under section 3.2 are listed below:
e 5-Axis Waterjet;

e Struers Labopress-3 mounting press machine; and
28



e Struers LaboPol-5 polishing machine.

3.3.1 5-Axis Waterjet

Waterjet cutting is the recent cold cutting engineering method used for cutting objects, making
use of energy at high speed, high density and ultra-high water pressure. Figure 3.3.1
demonstrated the Mach 3 7320b 5-Axis Waterjet cutting machine. During waterjet cutting, the
high-pressure waterjet separates the work pieces from each other. However, an abrasive
agent can also be used, depending on the application. The use of an abrasive agent for soft
material is not required. There is no heat generation during the waterjet cutting, which therefore
means no tempering of mechanical properties of the object or material [179]. Additionally, the
end results consist of a high level of accuracy, stability and cleanliness. Waterjet cutting is
suitable for hard materials and various soft materials like wood, plastics, rubber and aluminium.
Applications of waterjet include cutting of roof materials, dashboards, aircraft fuselages and
automobile bumpers. The produced welded plates were not polished or grinded prior and post
waterjet to preserve the properties of the joints. It should be noted that the waterjet cutting of
the specimens was out-sourced to Waterjet Cape Town.

R

Figure 3.3.1: 5-Axis Waterjet cutting machine.

3.3.2 Struers Labopress-3 mounting press machine

Figure 3.3.2 shows a Struers Labopress-3 machine to mount a specimen in a hard epoxy resin.
The mounting process works by positioning the specimen on the ram, then lowering the ram
to a designated depth. The selected resin is then poured with a funnel on top of the specimen
until the exposed inside cylinder depth is filled, followed by closing the ram with the lid. Once
the lid is secured, the parameters such as force, heating time, temperature and cooling time
are set. The process is executed automatically upon pressing the start button.
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Figure 3.3.2: Mounting press machine.
3.3.3 Struers LaboPol-5 polishing machine

The Struers Labopol-5 depicted in Figure 3.3.3(a) 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 turntable, and then a suitable turntable rotational speed (ranging between 50-
500 rpm) is chosen. The process resumes with the start button. During the process, to achieve
a required surface finish, different discs, as shown in Figure 3.3.3(b), are utilised with suitable
polishing agents, as shown in Figure 3.3.3(c), depending on the material being prepared. In
the case of aluminium specimens, P230 and P1200 grit is used with normal tap water or
distilled water for lubrication while the Aka-Moran, Aka-Daran and Aka-Napal disks are used
with the blue Aka-Lube and the Aka-Chemal disc is used with water. For the final polishing
step, ethanol is used to rinse the specimen prior to drying.
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Figure 3.3.3: (a) Polishing machine; (b) polishing discs; (c) polishing agents.
3.4 Performance of specimen preparation
This section details the preparation of the specimens for all the tests conducted, namely

tensile, bending, microstructural analysis, hardness, chemical analysis and X-ray diffraction
analysis test.

3.4.1 Tensile test specimen preparation

The specimen design and geometry for the tensile specimen were abducted from the ASTM
E8 standard. Figure 3.4.1 presents the dimensioned specimen drawing. SolidWorks design
software was used to populate the drawing. The waterjet cutting machine was used to cut the
specimens.
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Figure 3.4.1: Tensile test specimen with dimensions in mm.
3.4.2 Bending test specimen preparations

The ASTM E290 standard was used for the specimen design and geometry. Figure 3.4.2
illustrates the SolidWorks populated dimensioned bending specimen. It should be noted that
the specimen dimensions are in mm. The cutting of the bending was by the waterjet cutting
machine.
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Figure 3.4.2: Bending test specimen with dimensions in mm.
3.4.3 Microstructural analysis specimen preparation

The microstructural analysis specimen (see Figure 3.4.3) was drawn using the SolidWorks
design software. The designed specimens were cut using the waterjet cutting machine. The
cut specimens were mounted in MultiFast phenolic hot mounting resin using Struers
Labopress-3 machine at 150° mounting temperature. The mounted specimens were prepared
for microstructural analysis using the Struers Labopol-5. The polishing preparation was as
detailed in section 3.3.3. The specimens were removed from the etchant and immediately
rinsed with water and methanol, followed by drying with a hot hairdryer. Two etching reagents
were used — Weck’s and modified Keller’s reagents. Weck’s reagent composition included 1 g
of sodium hydroxide (NaOH), 4 g of potassium permanganate (KMnO4) and 100 ml of distilled
water. The modified Keller's reagent composition included 10 ml of nitric acid (HNO3), 1.5
hydrochloric acid (Hcl), 1 ml of hydrofluoric acid (HF) and 87.5 ml of distilled water. The Weck’s
reagent was used as a pre-etch where the specimen was immersed for 13 seconds, then
rinsed using distilled water and dried with methanol and hairdryer. The modified Keller's was
applied after drying the Weck’s etched specimen and immersed for 25 seconds. The same
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was applied in all the microstructural analysis specimens. After the etching, the specimens
then ready for computer analysis.
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Figure 3.4.3: Microstructure test specimen with dimensions in mm.
3.4.4 Hardness test specimens

The specimen dimensions and geometry for microstructural analysis was also applied for
hardness testing. Duplicates of the specimen (see Figure 3.4.3) were made, the second one
set for hardness testing. The same preparation for the microstructural analysis specimens was
also undergone for the hardness test specimens.

3.4.5 X-ray diffraction test specimens

Figure 3.4.6 presents the SolidWorks dimensioned drawing of the X-ray diffraction (XRD)
specimen. The specimen geometry and design are based on the ASTM D5380. The waterjet
cutting machine cut the XRD specimen.

20

I~ Bl

Figure 3.4.6: XRD specimen with dimensions in mm.

3.4.6 Chemical analysis specimens

The specimen dimensions and geometry used for the chemical analysis tests were the same
as those of the XRD specimens (see Figure 3.4.6).

3.5 List of tests performed

Analysis was performed on the FSW, TIG-welded and friction stir processed joints under
various conditions with the aim of creating a clear comparison. The tests performed were as
follows:

XRD tests

Chemical analysis
Microstructural analysis
Bending tests

Tensile tests

Hardness tests

e SEM analysis
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3.6 Mechanical tests

A different set of specimens were cut out from the TIG and FSW plates, as well as on the
friction stir processed TIG and FSW plates. The prepared specimens were for tensile tests,
bending tests, hardness tests, microstructural analysis, XRD and chemical analysis. All the
specimens were extracted in three regions of the plate: the start, the middle and the end of the
plate. A total of three specimens for each test were prepared. Figure 3.6 shows the specimen
positioning sample where ‘S’ stands for start, ‘M’ stands for middle and ‘E’ stands for end.

25 65.50 §5.50 25

S M E

il il [

Figure 3.6: Specimen positioning sample.

3.6.1 Tensile tests

The uniaxial tensile testing was performed to analyse the tensile properties — ultimate tensile
strength, yield strength, percentage elongation and the fracture strain — for all the welded and
friction stir processed joints. Figure 3.6.1(a) shows the computer-operated Hounsfield 25K type
tensile testing machine used for tensile testing. Flat clamping jaws were used to mount the
tensile specimens (see Figure 3.6.1[b]). The dog bone-shaped specimens were utilised. The
tensile test parameters are presented in Table 3.6.1. The ASTM ES8 standard for tension testing
of metallic materials was applied in this study for tensile testing. Table 3.6.1 presents the
tensile test parameters.

Table 3.6.1: Tensile test parameters.

Speed (mm/min) Extension range (mm) Load range (kN) Load cell (kN)
1 0-15 0-10 25
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Figure 3.6.1(b): Tensile testing flat jaws.

Preceding installation of the specimens to the machine, specimen dimensions were measured
and recorded (thickness and gauge length) to determine the engineering stress and
engineering strain. The specimen was fit into the jaws for gripping. The screws were tightened
to avoid slippage during the test. Horizon software logged the data — the applied tensile load
and extension — which was later used to determine stress and strain. The yield strength,
ultimate tensile strength, fracture strain and percentage elongation were determined. The
graph of stress versus strain was generated.

The following formula was used to determine the ultimate tensile stress:
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g=§ (1)

Where o is the ultimate tensile stress; F is the maximum force; and A is the cross-sectional
area.

The equation to determine % elongation is:

Final Length—0riginal Length

%E = x 100 2

original Length
3.6.2 Bending tests

Bending testing is sometimes referred to as flex or flexural testing. This test was conducted to
measure the flexural strength of all dissimilar aluminium alloy welded joints. A bending test
was performed on the bending specimens 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
those for tensile testing, and data was logged by the same procedure as for tensile testing.

imen
_ Specime

ST

3-point
S support fixture §

Vil

e L T
Lo A i 45

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

The first step in performing the bending test was to measure the specimen to verify dimensions.
The tests were performed one specimen at a time. The specimen was flat mounted against
the rolling supports; the centre mark line aligned the specimen with the loading pin centre. The
loading pin was then lowered until it was in contact with the specimen’s top surface. The ASTM
E290 standard embedded on the Horizon software program was selected, giving a screen
where the specimen dimensions were entered. Thereafter the machine was zeroed before the
commencement of the test. The test was run until the specimen broke or fractured. The data
was logged automatically from the beginning until the failure of the specimen.

The formula used to determine the maximum stress was as follows:

3FL

0= 2bd? ()
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Where F is the force; b is the width of the specimen; L is the length; and d is the thickness.
Refer to Figure 3.6.2(b) for the schematic diagram for the bending test.

F

Leading pin
FI2 Fi2

Supporting pins
Figure 3.6.2(b): Schematic diagram of a bending test.

3.6.3 Hardness tests

The hardness tests to determine the Vicker’s hardness of the produced joints were performed
using the InnovaTest Falcon 500 hardness testing machine (see Figure 3.6.3). The hardness
testing was executed following the ASTM E384-11 standard. The 10x and the 20x objectives
were used for specimen focusing during setup. The load of 0.5 kg and an interval of 1 mm
were applied from the centre of the specimen to either side (retreating and advancing). In
performing the hardness test, the first step was to open the falcon IMPRESSIONS software
programme on the screen, followed by positioning the specimen at the centre of the machine
bed. Then was the use of the objectives to focus, then the type of pattern in this study case (a
line pattern) was used, then the number of points (indents) in each line, the distance between
the points and the distance between the lines were all set. The autofocus button was pressed,
then the software program took a snap of the specimens automatically and the process
resumed once the start button was selected. The obtained Vicker's hardness data was
populated into a PDF document at the end, was saved directly to the memory stick and desktop
folder. The specimen snapshots were later used for macrostructural analysis purposes.

Up/down
switch
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Figure 3.6.3: Hardness test machine.

3.6.4 Microstructural analysis

Microstructure analysis was performed to analyse the grain sizes of the produced weld
joints. The Motic AE2000 metallurgical microscope (see Figure 3.6.4) allowed for
obtaining the microstructural images for analysis. The process of obtaining the desired
microstructure grain images was initiated by opening the Moticam software after the
specimen was positioned on the specimen bed. The specimen was then focused using the
zoom in and out control switch; then the scale on the software was set to 100 um; then the
objective indicator or stamp was set so that it was visible on the image for further
analysis purposes. The selection of the preferred image was then made from the 5x
which was used for larger imaging showing different microstructural zones desired; 10x,
20x, 50x and 100x were also used. It should be noted that the bigger the objective size, the
more it gives zoomed-in imaging. Once the desired images were obtained, they were
collected on a memory stick from the desktop folder that the software sends to as each
image was taken. The ASTM E112-13 standard for linear intercept method through the use
of ImageJ software then determined the grain sizes and grain distribution curves.

Monitor I

Camera screen

-

Figure 3.6.4: Microstructure apparatus.

3.6.5 XRD analysis

The XRD analysis was outsourced to iThemba Laboratory Solutions. During the XRD analysis,
measurements were performed using a multi-purpose X-ray diffractometer D8-Advance from
Bruker, operated in a continuous 8-8 scan in locked coupled mode with Cu-Kq radiation. During
the analysis, the sample was mounted in the centre of the sample holder on a glass slide and
levelled up to the correct height. The measurements ran within a range in 26 defined by the
user with a typical step size of 0.034°. A position-sensitive detector, Lyn-Eye, was used to
record diffraction data at a typical speed of 0.5 sec/step, equivalent to an effective time of 92
sec/step for a scintillation counter. The data was background subtracted so that phase analysis
was carried out for the diffraction patterns with zero background after the selection of a set of
possible elements from the periodic table. Phases were identified from the match of the
calculated peaks with the measured ones until all phases were identified within the limits of the
resolution of the results.
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Figure 3.6.5: X-ray diffractometer D8-Advance machine.

3.6.6 Chemical analysis

Chemical analysis was undertaken with the chemical composition of the joints produced in the
study so as to identify the phase on the XRD analysis. Figure 3.6.6 shows the Belec Compact
Spectrometer HLC machine for detecting the chemical composition of the specimens
produced. Before the chemical measuring process, the 99.99 high purity Argon gas was
opened and then the machine switched on. The specimen was positioned on a flat laboratory
table. The process continued by switching on the spark button; the machine screen display
was also switched on, and then the Belec WIN 21 software situated on the desktop of the
machine built-in computer was switched on. Once the software was opened, the aluminium
test option was chosen and the correct description of the specimen being tested was inserted.
The process was then ready to be executed, which occurred by pressing the face of the Belec
probe against the specimen, applying adequate pressure to ensure no air was penetrating
between the specimen and the probe. Then the start button on the probe was pushed, the
probe sparked on the workpiece for a few seconds. The probe was kept in position until the
screen flashed yellow indicating the measurement was completed. The yellow flashing was
accompanied by the display of results in a table form, as can be seen in Figure 3.6.6. The
projected table of results was saved onto the memory drive.
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Figure 3.6.6: Belec compact spectrometer machine.
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CHAPTER FOUR
RESULTS AND DISCUSSION

This chapter presents the results and discussions obtained from the tests conducted. The
data obtained from the NFSP-TIG dissimilar aluminium alloy joints is studied comparatively to
the SFSP-SFSP ones. Likewise, the NFSP-FSWed dissimilar joints are compared to the
SFSP-FSWed dissimilar joints. The unprocessed FSW and TIG-welded data is also provided
for better understanding and clarity.

4.1 FSP of TIG-welded points

This section presents the detailed results and discussions of the TIG-welded, NFSP-TIG-
welded joints and SFSP-TIG-welded joints. It should be noted that the AA6082-AS refers to
the AA6082-AA8011 joint and the AA8011-AS refers to the AA8011-AA6082 joint.

4.1.1 X-ray diffraction analysis and chemical composition of the joints

X-ray diffraction analysis was performed to analyse the phases formed during welding and the
friction stir processing of the joints. To detect new phases formed, the base materials AA6082
and AA8011 (presented in Figure 4.1.1 [a] and [b] respectively) were examined for reference
purposes. The red lines in all the patterns represent the aluminium phase. The detected
phases for AA6082 included the AlgFeo7Mn23Si and Mg.Si. The identified phases correlate
with the findings reported in the literature [180-181]. The AA6082 alloy is known for being
precipitate strengthened. The precipitate referred to is the Mg.Si sometimes referred to as the
B particles. These particles are commonly acknowledged as sensitive to high temperatures
exceeding 200°C; the exposure beyond such temperatures weakens the properties of the alloy
[183]. The Mni.Fe and AlgFe,Si were identified on the AA8011 alloy XRD patterns. The
AlgFe,Si, also known as a particles of the said alloy, are responsible for the good ductility of
the alloy [184].
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Figure 4.1.1: Base materials XRD patterns: (a) AA6082; (b) AA8011.

Figure 4.1.1(c) to (g) shows the XRD patterns of the TIG-welded and friction stir processed
TIG-welded dissimilar joints AA6082-AS and AA8011-AS, with Table 4.1.1 showing the
respective chemical composition of the joints. The TIG-welded XRD patterns shown in Figure
4.1.1(c) detected three phases besides aluminium: the Mg.-Fe, Mg.Si and AlsMnsSi. The
NFSP-TIG and SFSP-TIG joints also detected similar phases. However, the TIG-welded joints
consisted of exceptionally high silicon (Si) content, a behaviour resulting from the use of the
ER4043 filler wire during the welding of the joint which contains very high silicon content,
increasing the fluidity of the joint [185-186]. While several phases were also identified, the
significance of their presence was determined as less significant than those discussed.
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Figure 4.1.1: (c) TIG; (d) NFSP-TIG AA6082-AS joint; (e) NFSP-TIG AA8011-AS joint;
(f) SFSP-TIG AA6082-AS joint; (g) SFSP-TIG AA8011-AS joint.

Table 4.1.1: Chemical composition of joints (Wt%).

Joint type Si Fe Cu Mn Mg Ni Zn Ti Pb Al
TIG 1.891 0.103 0.004 0.032 0.909 0.012 0.717 0.003 0.013 Bal
NFSP-TIG AA6082-AS 0.502 1.138 0.080 0.150 1.375 0.015 0.806 0.030 0.040 Bal
NFSP-TIG AA8011-AS 0.345 1439 0.030 0.511 1.315 0.014 0.605 0.040 0.043 Bal
SFSP-TIG AA6082-AS 0.319 1.129 0.029 0.165 1.290 0.011 0.863 0.039 0.058 Bal
SFSP-TIG AA8011-AS 0.286 1.257 0.036 0.204 1.223 0.098 0.987 0.047 0.080 Bal

4.1.2 Macrostructural analysis

Figure 4.1.2 demonstrates the macrographs of the TIG-welded joints, NFSP-TIG with AA6082
positioned on the advancing side joints and NFSP-TIG with AA8011 positioned on the
advancing side joints. There were no visible defects noted in the macrographs of the TIG-
welded joints, as presented in Figure 4.1.2(a-c). However, tunnel defects marked by a blue
circle were noted in the NFSP-TIG with AA6082 positioned on the advancing side macrographs
(Figure 4.1.2[a, b]) and on the NFSP-TIG with AA8011 positioned on the advancing side
(Figure 4.1.2[g]). The formation of the tunnel defects resulted from the material flow and
insufficient heat experienced at the beginning of the FSP of the joint [187-188]. During the
processing of the dissimilar alloys, the difference in the alloy melting points resulted in the
AA8011 alloy, the weaker strength alloy, melting and softening quicker than the AA6082, the
higher strength alloy. That resulted in what is known as rapid heat dissipation in the immediate
deformation zone forming cold, hard welds [189-190]. The SFSP-TIG with AA6082 positioned
on the advancing side macrographs (Figure 4.1.2[j, k]) showed decreasing tunnel defects
(Figure 4.1.2[l]) or showing no defects present. Small tunnel defects were also noted (Figure
4.1.2[m-0]). The red marking represents microstructural zones where 1 is the base metal, 2 is
the heat-affected zone, 3 is the thermos-mechanically affected zone and 4 is the nugget zone.
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AAB082-AS

Figure 4.1.2: Macrographs: TIG-welded joints (a) start (b) middle (c) end;

NFSP-TIG AA6082-AS joints (d) start (e) middle (f) end; NFSP-TIG AA8011-AS joints (g) start (h)
middle (i) end; SFSP-TIG AA6082-AS joints (j) start (k) middle (I) end; SFSP-TIG AA8011-AS

joints (m) start (n) middle (o) end.

4.1.3 Microstructural analysis

Figure 4.1.3 presents the optical micrographs of the base materials, TIG-welded joints and
friction stir processed joints under different conditions. Figure 4.1.3(a) and (b) shows the
AA6082 and AA8011 base material grain structures, respectively. The elongated grains with a
mean grain size of 97.2 um were noted on the AA6082 micrograph. Meanwhile, the AA8011
base material showed an elongated grain structure with a mean grain size of 80.09 um. The
distribution of the dark magnesium silicon (Mg.Si) intermetallic particles were spotted on the
AA6082 base material. Similar observations were noted on the AA6082 base material in the
literature [191]. Figure 4.1.3(c-k) shows the micrograph with three different zones of the TIG-
welded joints at different specimen location and positioning. The three distinctive regions
present were the heat-affected zone (HAZ), partially melted zone (PMZ) and the fusion zone
(FZ). The HAZ regions revealed a granular epitaxial dendritic grain closer to the weld interface.
Similarly, Gou et al. [192] affirmed that the HAZ grain structure consists of large non-
homogeneous microstructures. The non-homogeneity of the grains is a result of the weld
thermal cycle [193-194]. The HAZ is popular as a common region where failure is most likely
to occur during tensile loading, because of the softening phenomenon that it experiences,
rendering it the weakest position in the weld joint [183]. Succeeding the HAZ is the PMZ region
depicted in Figure 4.1.3(c,e.f,h,i,k), located between the HAZ and the FZ region and consisting
of coarse recrystallized grains formed by the partial melting of the grain boundaries [195-196].
The PMZ region harbours weak mechanical properties due to the parent hardened precipitates
experiencing over-ageing heat treatment causing a phase formation [197]. The FZ regions
showed both epitaxial growth and columnar grain structure. The epitaxial nucleation in the FZ
region controls the microstructural evolution [196, 198]. The FZ, compared to the other zones,
had coaxial, fine and homogeneously distributed grains. The weld centre regions illustrated in
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Figure 4.1.3(d,q,j) revealed a few weld defects, including cavity and large pores. The large
pores were also noted in Figure 4.1.3(c,h). The presence of such defects contributes towards
the weakness of the joint resulting in lower mechanical properties. According to Mathers [99],
the formation of pores in the weld is a typical condition in fusion welds which rises from the
TIG welding wire, shielding gas and materials used.

welded joints, start; (c) HAZ, PMZ and FZ on the AA6082 side; (d) centre of the weld;
(e) HAZ, PMZ and FZ on the AA8011 side, middle; (f) HAZ, PMZ and FZ on the AA6082 side; (g)
centre of the weld; (h) HAZ, PMZ and FZ on the AA8011 side, end; (i) HAZ, PMZ and FZ on the
AAB082 side; (j) centre of the weld; (k) HAZ, PMZ and FZ on the AA8011 side.

Figures 4.1.3.1 and 4.1.3.2 present the NFSP-TIG joint micrographs. The micrographs showed
three different microstructural zones: namely HAZ, thermo-mechanical affected zone (TMAZ)
and nugget zone (NZ). The fusion zones of the TIG-welded joint coarse grain modification
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process occurred in the HAZ and TMAZ regions irrespective of the material positioning. The
HAZ behaviour is similar to that of the TIG-welded joints while in the TMAZ regions, for all the
NFSP-TIG joints the material experienced a plastic deformation as a result of the heat during
the stirring process that induced microstructural changes [200-202]. The NZ, regardless of
specimen positioning, showed fine equiaxed recrystallized grains. The maximum plastic
deformation that occurred during the FSP of the joint was determined as the reason behind
the obtained grain structure [201]. After the FSP of the TIG-welded joints, the porosity noted
on the TIG-welded microstructure was eliminated.

“3AAB011-RS

AAB8011-RS

nugget zone; (c) retreating side, middle; (d) advancing side; (e) nugget zone; (f) retreating side,
end; (g) advancing side; (h) nugget zone; (i) retreating side.
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Flgure 4. 1 3 2: NFP TIG AA8011 AS Jomts optlcal mlcrographs start (a) advancmg S|de (b)
nugget zone; (c) retreating side; middle; (d) advancing side; (e) nugget zone; (f) retreating side;
end: (g) advancing side; (h) nugget zone; (i) retreating side.

Figures 4.1.3.3 and 4.1.3.4 illustrate the optical micrographs of the SFSP-TIG-welded joints.
Similar observations on the NFSP-TIG joints were also noted on the SFSP-TIG joints.
However, due to rapid cooling of the weld joints, the NZ had a finer grain structure than under
normal conditions. This phenomenon is due to NFSP experiencing higher peak temperature
resulting in the process taking longer for the weld to cool down to room temperature [203]. This
encourages grain growth, which thereby affects the weld properties negatively compared to
SFSP [204], whereas during SFSP, the weld experienced lower peak temperature due to rapid
cooling rate which substantially improves the weld properties [205].

AA6082 AS, Ll e
Figure 4.1.3.3: SFSP-TIG AAB082- AS joints optical mlcrographs start: (a) advancing side; (b)
nugget zone; (c) retreating side; middle: (d) advancing side; (e) nugget zone; (f) retreating side;
end: (g) advancing side; (h) nugget zone; (i) retreating side.
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Figure 4.1.3.4: SFSP- TIG AA8011-AS joints optical micrographs: start: (a) advancing side; (b)
nugget zone; (c) retreating side; middle: (d) advancing side; (e) nugget zone; (f) retreating side;

end: (g) advancing side; (h) nugget zone; (i) retreating side.

Figure 4.1.3.5 presents the NZ optical micrographs for the TIG-welded, NFSP-TIG and SFSP-
TIG joints. The measured grain sizes and standard deviation for the figure are tabulated in
Table 4.1.3 with the grain distribution graphs presented in Figure 4.1.3.6. The TIG-welded
joints had a mean grain size range of 30.8 um to 33.19 um with a standard deviation of 11.108
MM t011.661 pm. The mean grain size had a range of 9.762 pm to 11.472 pm for the NFSP-
TIG joints with AA6082 positioned on the advancing side, with a standard deviation range of
3.128 um to 3.919 um. The NFSP-TIG joints with AA8011 positioned on the advancing side of
the tool had a mean grain size range of 11.699 um to 12.757 um and standard deviation range
of 3.397 um to 4.698 pum. The SFSP-TIG joints with AA6082 positioned on the advancing side
of the tool had a mean grain size range of 3.848 um to 5.067 um, with a standard deviation
range of 1.544 ym to 1.898 um. And finally, the SFSP-TIG joints with AA8011 positioned on
the advancing side of the tool had a mean grain size range of 4.781 um to 5.805 um with a
standard deviation range of 1.711 pm to 2.072 pm.
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Figure 4.1.3.5: Optical micrographs at objective 20x, TIG-welded joints: (a) start (b) middle (c)
end; NFSP-TIG AA6082-AS joints: (d) start (e) middle (f) end; NFSP-TIG AA8011-AS joints: (g)
start (h) middle (i) end; SFSP-TIG AA6082-AS joints: (j) start (k) middle (I) end; SFSP-TIG
AA68011-AS joints: (m) start (n) middle (o) end.

The obtained grain sizes suggest that the TIG-welded joint microstructure was greatly
improved post-NFSP and SFSP. This improvement is owed to the stirring, plastic deformation
and dynamic recrystallization caused by the frictional heat experienced during the processing
[206-208]. Comparing the NFSP-TIG to the SFSP-TIG grain sizes (see Figure 4.1.3.7), the
SFSP-TIG grain size showed a significant refinement of 41.37% when looking at the joints
where AA6082 was on the advancing side, and 43.86% when AA8011 on the advancing side
of the tool. This behaviour was caused by the water-cooling method which reduced the
processing duration at lower temperatures compared to NFSP, eliminating the occurrence of
grain growth [48, 73, 209]. Regardless of the FSP condition, the grain size of the joints where
AA6082 (the higher strength alloy) was positioned on the advancing side of the tool showed
higher grain refinement compared to when AA8011 (the lower strength alloy) was positioned
on the same. Similar findings were reported in the literature [108, 210-211]. Lee et al. [96]
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advocated that the temperature gradient and strain rate are basically dictated by the material
positioning, greatly influencing the microstructural grain sizes. The application of FSP also
reduced standard deviation, with the SFSP-TIG having a more reduced value to 1.711 um.
The standard deviation gives a clear variability of data points. As far as the specimen
positioning is concerned, the TIG-welded specimens showed no particular trend. The NFSP-
TIG and the SFSP-TIG specimens extracted towards the end of the processed joint showed
finer grain sizes than those extracted at the beginning of the joint. This behaviour was
associated with the heat input experienced at the different locations, as the tool traversed along

with the joint [107, 142, 173].

Table 4.1.3: Grain sizes and standard deviations for the NZ.

Joint Mean grain size Minimum grain Maximum grain Standard
(um) size (um) size (um) deviation (um)
TIG S 31.285 13.672 56.375 11.227
TIGM 30.801 14.305 55.051 11.661
TIGE 33.190 18.111 59.081 11.109
AA6082-AS
NFSP-TIG S 11.472 4.938 16.791 3.128
NFSP-TIG M 10.981 5.174 22.42 3.919
NFSP-TIG E 9.763 5.521 21.095 3.574
AA8011-AS
NFSP-TIG S 12.757 5.453 21.441 3.397
NFSP-TIG M 12.641 4.622 22.932 3.691
NFSP-TIG E 11.699 5.59 27.042 4.698
AA6082-AS
SFSP-TIG S 4.407 2.75 8.953 1.545
SFSP-TIGM 5.067 1.997 9.053 1.653
SFSP-TIG E 3.848 1.001 9.227 1.898
AA8011-AS
SFSP-TIG S 5.805 2.216 11.924 2.006
SFSP-TIG M 5.688 2.503 11.105 2.072
SFSP-TIG E 4.781 1.863 9.664 1.711
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Figure 4.1.3.6: Grain distribution graphs: TIG-welded joints: (a) start(b) middle; (c) end; NFSP-

TIG AAG6082-AS joints: (d) start (e) middle (f) end; NFSP-TIG AA8011-AS joints: (g) start (h)
middle (i) end; SFSP-TIG AA6082-AS joints: (j) start (k) middle (I) end; SFSP-TIG AA68011-AS
joints: (m) start (n) middle (o) end.
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Figure 4.1.3.7: Average grain sizes of the joints.

4.1.4 Flexure tests

Figure 4.1.4 shows the post-flexure test specimens. In all specimens, regardless of the type of
the weld, all flexed towards the AA8011 side which is the weaker strength alloy. This behaviour
suggested that the TIG-welded and friction stir processed joints, regardless of the conditions,
had a stronger joint strength compared to the AA8011 base material. Similar findings were
reported in the literature [107,213]. No visible cracks were noted on the post specimens. Figure
4.1.4.1 illustrates the flexural strength and strain curves for the TIG-welded and friction stir
processed joints. The TIG-welded face bending presented in Figure 4.1.4.1(a) revealed an
ultimate flexural strength (UFS) range of 109.25 MPa at a strain rate of 0.366 to 166.315 MPa
at a strain rate of 0. 288. The obtained UFS are a result of the grain structure arrangement at
the respective specimen positions. A maximum flexural strain of 0.464 was noted on the
specimen extracted at the start of the joint and the lowest (0.0.443) at the specimen extracted
at the middle of the joint. The flexural strength and strain for the TIG-welded root specimens
(see Figure 4.1.4.1[b]) showed a UFS range of 119.063 MPa to 198.813 MPa at a flexural
strain of 0.282 and 0.276, respectively. A maximum flexural strain of 0.466 was noted on the
specimen extracted at the middle of the joint and the lowest (0.433) at the specimen extracted
at the start of the joint. The maximum UFS was observed on the root of the TIG-welded rather
than on the face. This kind of behaviour was also reported in the literature [140].
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Figure 4.1.4: Post-flexural test specimens: (a) TIG-welded (face); (b) TIG-welded (root); (c)
NFSP-TIG AA6082-AS (face); (d) NFSP-TIG AA6082-AS (root); () NFSP-TIG AA8011-AS (face);
(f) NFSP-TIG AA8011-AS (root); (g) SFSP-TIG AA6082-AS (face); (h) SFSP-TIG AA6082-AS
(root); (i) SFSP-TIG AA8011-AS (face); (j) SFSP-TIG AA8011-AS (root).

Figure 4.1.4.1(c-f) shows the flexural strength and strain curves for the NFSP-TIG specimens.
The NFSP-TIG (face) with AA6082 positioned on the advancing side (see Figure 4.1.4.1|[c])
showed a UFS range of 148.125 MPa to 260.25 MPa at a flexural strain of 0.12 and 0.31,
respectively. A maximum flexural strain of 0.432 was noted on the specimen extracted at the
start of the weld, and the lowest (0.421) on the specimen extracted at the middle of the joint.
The root of the same NFSP-TIG joint (see Figure 4.1.4.1][d]) showed a UFS range of 120 MPa
to 151.188 MPa at a flexural strain of 0.13 and 0.148, respectively. A maximum and minimum
flexural strain of 0.423 and 0.448 of the joint, respectively, was obtained. The maximum UFS
was noted on the face specimens compared to the root specimens of the NFSP-TIG with
AA6082 positioned on the advancing side. Similar behaviour was noted on the NFSP-TIG
specimens with AA8011 positioned on the advancing side. This kind of behaviour was noted
in several studies, including Sorger et al. [213] and Takhakh [214]. The UFS range of the
NFSP-TIG specimens with AA8011 positioned on the advancing side (see Figure 4.1.4.1[e])
for the face joint was 201 MPa at a flexural strain of 0.168 to 257.43 MPa at a flexural strain of
0.2. A maximum flexural strain of 0.448 and the minimum flexural strain of 0.398 were noted
at the specimens extracted at the end and middle of the joint, respectively. The UFS range for
the root joints (see Figure 4.1.4.1[f]) was 165.936 MPa and 225.36 MPa at a flexural strain of
0.217 and 0.152, respectively. The maximum flexural strain of 0.378 and minimum of 0.345
were noted on the specimens extracted from the start and middle of the processed joint.
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Figure 4.1.4.1: Flexural strength — strain curves: (a) TIG-welded (face); (b) TIG-welded (root); (c)
NFSP-TIG AA6082-AS (face); (d) NFSP-TIG AA6082-AS (root); (e) NFSP-TIG AA8011-AS (face);
(f) NFSP-TIG AA8011-AS (root).

Figure 4.1.4.1(g-j) shows the flexural strength and strain curves for the SFSP-TIG joints for
different material positioning. The curves for SFSP-TIG (face) joint with AA6082 on the
advancing side are presented in Figure 4.1.4.1(g). The UFS ranged from 160 MPa to 300 MPa
at flexural strains of 0.087 and 0.233, respectively. The 160 MPa is due to the start position
having what is known as ‘cold welds’, where the harder alloy was not fully melted [189-190].
This led to the joint having cavity. This behaviour correlates to the macrostructure obtained.
The maximum flexural strain of 0.409 and a minimum of 0.397 were obtained on the start and
end specimen positioning. The root curves of the same joint (see Figure 4.1.4.1[h]) were
determined to have a UFS range of 136.25 MPa to 211.375 MPa with a corresponding flexural
strain of 0.233 and 0.403, respectively. The maximum flexural strain was obtained from the
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specimen extracted at the end of the joint and the minimum from the specimen extracted at
the start of the joint. Figure 4.1.4.1(i) represents the SFSP-TIG joints with AA8011 on the
advancing side (face) with a UFS range of 183.375 MPa to 243.375 MPa at the respective
flexural strain of 0.256 and 0.334. The maximum flexural strain of 0.427 and a minimum of
0.423 were obtained. Figure 4.1.4.1(j) shows the SFSP-TIG joints with AA8011 (root) on the
advancing side with a UFS range of 86.185 MPa to 202.25 MPa at a flexural strain of 0.163
and 0.299, respectively. There was no particular trend as far as the specimen positioning for
the UFS. A minimum flexural strain of 0.214 and a maximum of 0.418 were noted.

(g) 3004 (h) **°
2a0 200 4
260 ] amm
240 3 =
w 220 ] © 160 -
o o
= ZIJ[I—_ g 140 -
180 e
i 4 4
£ 160 ] B 120
5 140 ] S 100 4 g
— -
T 120 9 o i
® 100 ] AABOB2-AS i AAGDB2-AS
[ AAGDEZ-A g
% 04 Al —«—SFSP-TIG S
B gy ] —=—SFSP-TIG S 8 1
] —+—SFSP-TIGM —+— SFSP-TIG M
2 —4+—SFSP-TIGE 20 —a— SFSP-TIG E
D ] T T T T T T T T T T T T T T T u L T T T T T T T T
0.00 005 010 015 020 025 030 035 040 0.00 0.05 010 015 020 025 0.30 0.35 0.40
Flexural strain Flexural strain
(i) 2601 () 2001

AABD11-AS

—=—SFSP-TIG S
—=—SFSP-TIG M

AATIIA A AT
ARoll1-Ao

Flexural strength (MPa)
N
Flexural strength (MPa)

Wu-num"

—=—SFSP-TIG 5
60 . g 1 !
a0 1T SPSRTIGE 40 % —+— SFSP-TIG M
20§ 20 4 —+—8FSP-TIGE
0 -7 T T—T—T7 0 T T 1 T T 1
0.00 0.05 010 045 020 025 030 035 0.40 045 f.o0 0.0s 040 015 020 025 030 035 0.40
Flexural strain Flexural strain

Figure 4.1.4.1: Flexural strength — strain curves: (g) SFSP-TIG AA6082-AS (face); (h) SFSP-TIG
AAB082-AS (root); (i) SFSP-TIG AA8011-AS (face); (j) SFSP-TIG AA8011-AS (root).

Figure 4.1.4.2 depicts the UFS and maximum flexural strain (MFS) obtained on each joint
configuration as discussed. The maximum UFS was obtained on the SFSP-TIG with AA6082-
AS (face) while the maximum UFS OF for the specimens subjected to root bending was noted
on the NFSP-TIG AA8011-AS joint. Furthermore, it was observed that the TIG-welded joints,
regardless of face or root urface, showed a higher strain rate (%) than the NFSP-TIG and
SFESP-TIG joints. However, comparing the NFSP-TIG to the SFSP-TIG, the NFSP-TIG showed
a higher strain rate. This suggests that when the MFS increases, the UFS, which is the ductility,
decreases and vice versa. Similar behaviour was reported in the literature [215].
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Figure 4.1.4.2: Bar charts: (a) ultimate flexural strength (MPa); (b) maximum flexural strain.
4.1.5 Tensile tests

Figure 4.1.5.1 illustrates the post-tensile specimens of the TIG-welded, NFSP-TIG and SFSP-
TIG joints. The TIG-welded specimens fractured on the HAZ of the AA8011 side. This
behaviour confirms that the HAZ consists of the weakest strength compared to that of the
fusion zone and the AA6082 side of the specimen [216-217]. Additionally, there is no strain in
the thermal cycles experienced by the HAZ [218]. This phenomenon is quite common with the
joining of dissimilar materials. Of the NFSP-TIG AA6082-AS specimens, all the specimens
fractured on the NZ, confirming that the NZ had a lower strength than the AA6082 and AA8011
material due to the presence of tunnel defects previously observed on the macrostructural
analysis. Similar behaviour was noted on the NFSP-TIG AA8011-AS (middle and end
specimens), SFSP-TIG AA6082-AS (start specimen) and the SFSP-TIG specimens. The
NFSP-TIG AA8011-AS specimens extracted from the start of the weld fractured at the HAZ of
the AA8011 because the region had lower mechanical properties than the NZ and the AA6082
BM [216]. Similarly, the SFSP-TIG AA6082-AS middle and end specimens also fractured on
the HAZ.
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Figure 4.1.5.1: Post-tensile specimens: (a) TIG-welded; (b) NFSP-TIG AA6082-AS; (c) NFSP-TIG
AAB8011-AS; (d) SFSP-TIG AA6082-AS; (e) SFSP-TIG AA8011-AS.

Figure 4.1.5.2 presents the tensile stress-strain curves of the TIG-welded and FSPed joints.
Table 4.1.5 shows the tensile properties concerning Figure 4.1.5.2. The TIG-welded joint had
a maximum UTS of 85.42 MPa at a corresponding tensile strain rate of 13.781% and a
maximum yield strength of 68.336 MPa. The minimum UTS and yield strength were at 80.277
MPa at a corresponding tensile strain rate of 11.588% and yield strength of 64.222 MPa. The
minimum and maximum tensile strain rates at the fracture point of the TIG-welded joint were
21.885% and 23.889%, respectively. The NFSP-TIG AA6082-AS joints had a maximum UTS
of 88.53 MPa at a corresponding tensile strain rate of 15.49% with a maximum yield strength
of 70.824 MPa. The minimum UTS of the said joints were 86.958 MPa at a corresponding
tensile strain rate of 14.96% and yield strength of 69.566 MPa. The maximum and minimum
tensile strain rates at the fracture point were 27.251% and 27.666%, respectively. The NFSP-
TIG AA8011-AS showed a maximum UTS of 89.777 MPa at a tensile strain rate of 15.61%,
with a yield strength of 71.822 MPa. The minimum UTS of 85.777 MPa at a tensile strain of
13.86% with a yield strength of 68.622 MPa were noted. The minimum and maximum tensile
strain rates of 25.166% and 27.994% were obtained. The application of the NFSP technique
increased both the tensile strength and tensile strain. This behaviour was associated with the
stirring and dynamic recrystallization of the joints that resulted in the notable grain refinement
which is acknowledged as having a positive impact on joint tensile properties [218-219].
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Figure 4.1.5.2: Tensile stress-strain curves: (a) TIG-welded; (b) NFSP-TIG AA6082-AS; (c) NFSP-
TIG AA8011-AS; (d) SFSP-TIG AA6082-AS; (e) SFSP-TIG AA8011-AS.

The maximum UTS for the SFSP-TIG AA6082-AS joints was 90.222 MPa at a corresponding
tensile strain rate of 13.75% and a yield strength of 71.778 MPa. The minimum UTS was
87.148 MPa at a tensile strain rate of 14.32% and yield strength of 69.719 MPa. The minimum
and maximum tensile strain rates at the breakpoint were 24.131% and 27.099%, respectively.
Additionally, the SFSP-TIG AA8011-AS had a maximum UTS of 90.25 MPa at a tensile strain
rate of 15.36% and yield strength of 72.2 MPa. A minimum UTS was 76.944 MPa at a
corresponding tensile strain rate of 6.92% and a yield strength of 61.555 MPa. The said joints
had a minimum and maximum tensile strain rate (breakpoint) of 25.437% and 28.829%. The
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tensile strength and tensile strain were significantly improved post-SFSP regardless of material
positioning. This behaviour was in agreement with the microstructural grain sizes of the same
joints which, showing remarkable refinement, plays a vital role in the strengthening of the
material properties [220]. Moreover, this behaviour was in agreement with the Orowam
hardening mechanism: the refinement of grain sizes reduces the presence of cracks within the
joints, making the joint impossible to crack at lower stress, and thereby increasing the tensile
strength of the SFSPed joints [221]. Furthermore, rapid cooling also played a crucial role in the
improvement of the tensile properties by decreasing the chances of abnormal grain growth
which is a common phenomenon when joints experience excessive heat which affects the joint
properties negatively [222].

Table 4.1.5: Tensile properties of the joints.

Joint Ultimate tensile Strain rate (%) Yield strength Fracture
stress (MPa) (MPa) @ 0.2% location
offset

TIGS 83.833 23.790 67.076 HAZ
TIGM 80.277 21.885 64.222 HAZ
TIGE 85.42 23.889 68.336 HAZ
AAB082-AS

NFSP-TIG S 86.958 27.666 69.566 NZ
NFSP-TIG M 88.472 27.251 70.778 NZ
NFSP-TIG E 88.53 27.489 70.824 NZ
AA8011-AS

NFSP-TIG S 85.777 25.166 68.622 HAZ
NFSP-TIG M 89.777 27.994 71.822 NZ
NFSP-TIG E 89.588 27.886 71.670 NZ
AAB082-AS

SFSP-TIG S 87.148 26.880 69.718 NZ
SFSP-TIGM 88.528 24.131 70.899 HAZ
SFSP-TIG E 90.222 27.099 71.778 HAZ
AA8011-AS

SFSP-TIG S 76.944 8.769 61.555 NZ
SFSP-TIGM 88.578 27.489 70.863 NZ
SFSP-TIG E 90.250 28.829 72.201 NZ

With regards to specimen positioning, there was no particular order observed for the TIG-
welded. However, for both NFSP-TIG and SFSP-TIG, the specimens extracted from the start
of the joint possessed minimal tensile properties compared to those from the middle and
towards the end of the joint. This behaviour is typically influenced by the mixing of material: at
the beginning of the joint, the two materials reach melting points at different temperatures, with
the AA6082 taking longer to melt completely, resulting in what is known as cold welds [217].
These cold welds render the beginning of the joint the weakest position and influence the joint
properties negatively. Similar findings were identified in literature [108, 142, 172, 180]. Figure
4.1.5.3 depicts the average tensile properties of the TIG-welded and FSPed joints. The figure
makes evident that both NFSP-TIG and SFSP-TIG joints were improved more than those of
the TIG-welded joints. However, the most tensile properties were noted on the SFSP-TIG
joints. Concerning material positioning on the NFSP-TIG, the AA6082-AS joint had a slightly
higher strain rate than the AA8011-AS. However, the AA8011-AS had a higher tensile strength
than the AA6082-AS. Additionally, the SFSP-TIG AA6082-AS joints showed both higher strain
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rate and tensile strength than the AA8011-AS. The findings correlated with studies in literature

[172-173].
110 110
100 4 UTS EEZ83 Yield strength B8 Strain rate | [ 100
;_E 00 1 s1rr 87.987 88.381 89 466 o6 646 -_90
= 80 - - 80
‘E 70 A - 70.389 70.705 71.073 SR -_70
=) . I
= 60 - - 60
% 50- [ 50
e ] A
> i , |
= 30 ] - 27.469 27 016 26 037 ool 30
v 201 - 20
|— - L
D 101 - 10
0 [ AA6082-AS  AAB011-AS | AA6082-AS  AA8011-AS 0
TIG NFSP-TIG SFSP-TIG

Strain rate (%)

Figure 4.1.5.3: Average tensile properties of the TIG-welded, NFSP-TIG and SFSP-TIG joints.

4.1.6 Fracture surface analysis

The fracture surface morphology of the TIG-welded, NFSP-TIG and SFSP-TIG joints,
presented in Figure 4.1.6, all showed a ductile failure mechanism. The ductility of the joints
was manifested by the failure characteristics like the microvoids, dimples interfaced by the
cleavage facets, dimples tore ridges and grain boundaries [141, 190, 206]. A sample of the
ductile characteristics were marked on the figure: the yellowish circle represents large voids;
the red arrow represents cleavage facets; the navy arrow for the tore ridges; and blue arrows
for the microvoids. Figure 4.1.6(a, b, c, g, k, I) reveal similar morphologies, substantiated by
the location of the fracture which was similar (HAZ). The morphology for Figure 4.1.6(m) shows
a few dimples at the far end of the flat facets, representing a rather brittle mode that resulted
in a rapid failure of the specimen. This behaviour correlates with the tensile stress and strain
curves in Figure 4.5.1.2(e). As evident, the tensile strain confirmed the rapid failure.
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Iéigiure 4.1.3.3: Fraéturé surface morphologies, TIAG-weIded joints: () 5tart (b) middle (c) ena;
NFSP-TIG AA6082-AS joints: (d) start (e) middle (f) end; NFSP-TIG AA8011-AS joints: (g) start
(h) middle (i) end; SFSP-TIG AA6082-AS joints: (j) start (k) middle (I) end; SFSP-TIG AA68011-
AS joints: (m) start (n) middle (o) end.

’

4.1.7 Hardness tests

The Vickers hardness profiles for the TIG-welded, NFSP-TIG and SFSP-TIG joints are
depicted in Figure 4.1.7.1. The corresponding NZ hardness bar charts are illustrated in Figure
4.1.7.2. The TIG-welded joints possessed a hardness range of 57 HV to 60 HV with an average
of 58.5 HV. The NFSP-TIG AA6082-AS hardness ranged between 58 HV to 63 HV with an
average of 60.5 HV, and the NFSP-TIG AA8011-AS was between 59 HV to 64 HV with a range
of 61.5. The SFSP-TIG hardness range obtained for the AA6082-AS was 60 HV to 66 HV with
an average of 63 HV and for the AA8011-AS was 67 HV to 70 HV with an average of 69 HV.
The NZ hardness obtained in all the joints was lower than the AA6082 alloy but higher than
the AA8011 alloy. This behaviour was related to the AA6082 alloy being a precipitate tempered
alloy which is very sensitive to elevated temperatures [223-225]. These precipitates are
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referred to as B’ or MgSi precipitates. Sameer and Birru [208] specified that precipitates result
in the drop of mechanical properties at temperatures above 200°C. However, the extent of the
weakening of the properties depends not only on temperature but also on the time of exposure
[226]. Comparing the SFSP-TIG and the NFSP-TIG NZ hardness of the joints, it is undeniable
that the operating mediums yielded different results on the hardness, a conclusion that
correlates with the study by Rakhmonov et al. [226] as explained previously. Additionally, the
low temperature of the water hindered the rate of precipitate dissolution and grain growth [227].

The hardness in all the AA6082-AS joints showed a decline from the AA6082 alloy to the HAZ,
rising to the TMAZ and NZ. However, past the NZ, they decline to the hardness of the AA8011.
Furthermore, in the AA8011-AS joints, the hardness decreases after the AA8011 alloy to the
HAZ, rises to the NZ and continues to rise to the hardness of the AAA6082 alloy. This
phenomenon was governed by the variation in the grain sizes at the respective zones [217].
The hardness behaviour on the HAZ and TMAZ supports the belief that the said regions are
the lowest hardness distribution regions (LHDR) [228]. As far as specimen positioning is
concerned, there was no particular trend noted. However, with regards to the material
positioning of the FSPed joints, the maximum NZ hardness was obtained when the AA8011
alloy was positioned on the advancing side.
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Figure 4.1.7.1: Hardness profiles: (a) TIG-welded; (b) NFSP-TIG AA6082-AS; (c) NFSP-TIG
AA8011-AS; (d) SFSP-TIG AA6082-AS; (e) SFSP-TIG AA8011-AS.
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Figure 4.1.7.2: Nugget zone hardness bar charts of the TIG-welded, SFSP-TIG and NFSP-TIG.

4.2 FSP of FSWed joints

4.2.1 X-ray diffraction analysis and chemical composition of the joints

XRD patterns for the FSWed, NFSP-FSWed and SFSP-FSWed are shown in Figure 4.2.1. and
respective chemical compositions in Table 4.2.1. All the joint patterns showed one dominant
phase present — aluminium (a-Al) — identified by the red dotted lines. Examining the obtained
diffraction patterns, it was noted that the patterns had similar phases. The phases obtained
were the Mg.Si, Mg.7Fe and the Al-MnsFe. The Mg,Si particles are very significant for the
strengthening or the joint properties as previously discussed in section 4.1.1 [183].
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Figure 4.2.1: X-ray diffraction patterns collected from the top surface: (a) FSW AA6082-AS; (b)
FSW AA8011-AS; (c) NFSP-FSW AA6082-AS; (d) NFSP-FSW AA8011-AS; (e) SFSP-FSW
AA6082-AS; (f) SFSP-FSW AA8011-AS.

Table 4.2.1: Chemical composition of joints (Wt%).

Joint type Si Fe Cu Mn Mg Ni Zn Ti Pb Al
FSW AA6082-AS 0.452 1.362 0.044 0.170 1.175 0.112 0.613 0.038 0.013 Bal
FSW AA8011-AS 0.538 1.310 0.005 0.505 1.128 0.109 0.967 0.040 0.027 Bal
NFSP-FSW AA6082-AS 0.421 1.164 0.061 0.162 1.072 0.113 0.830 0.032 0.045 Bal
NFSP-FSW AA8011-AS 0.474 1.349 0.050 0.154 1.165 0.122 1.047 0.035 0.030 Bal
SFSP-FSW AA6082-AS 0.336 1.206 0.033 0.177 1.019 0.137 0.754 0.041 0.058 Bal
SFSP-FSW AA8011-AS 0.417 1.098 0.078 0.161 1.159 0.102 0.857 0.034 0.080 Bal

4.2.2 Macrostructural analysis

The macrographs for the FSW, NFSP-FSW and SFSP-FSW joints are illustrated in Figure
4.2.2. The FSW joints for both AA6082-AS and AA8011-AS showed micrographs with pores
and tunnel defects (see Figure 4.2.2[a-f]). Similarly, Figure 4.2.2(g,h,j,k) for the NFSP-FSW
joints showed macrographs with tunnel defects, and Figure 4.2.2(m) for the SFSP-FSW joints.
Regardless of the joint configuration, tunnel defects are common when joining dissimilar
materials. This kind of defect is associated with insufficient heat input and inadequate
consolidation of material at the joint [188, 229]. Additionally, the tool may have traversed ahead
before enough material was deposited behind, thereby creating a void. The created void then
manifests itself as a tunnelling defect which results in the degradation of mechanical properties
[230]. Figure 4.2.2(i,l,) of the NFSP-FSW joints and Figure 4.2.2(n-r) of the SFSP-FSW joints
showed macrographs with no defects. This, therefore, means there was sufficient heat input
formed by the plastic deformation and frictional energy during FSP [231-232]. Single oval-
shaped stir bands were noted on the FSW joints structures. These oval-shaped nugget bands
are primarily referred to as onion ring structures [233-234]. The NFSP-FSW and the SFSP-
FSW joints showed a double onion ring structure due to the re-stirring and repeated plastic
deformation of the joints. The onion rings were a result of the maximum deformation of the
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AA6082/AA8011 alloys and dynamic recrystallization of the joints resulting in a homogeneous
equiaxed grain structure [149,235-236].

AABOI1RS

Figure 4.2.2: Macrographs: FSWed joints AA6082-AS: (a) start (b) middle (c) end; FSWed joints
AAB68011-AS: (d) start (e) middle (f) end; NFSP-FSW AA6082-AS joints: (g) start (h) middle (i)
end; NFSP-FSW AA8011-AS joints: (j) start (k) middle (I) end; SFSP-FSW AA6082-AS joints: (m)
start (n) middle (0) end; SFSP-FSW AA68011-AS joints: (p) start (q) middle (r) end.

4.2.3 Microstructural analysis

Figures 4.2.3.1 and 4.2.3.2 depict micrographs for the FSW joints at AA6082-AS and AA8011-
AS. respectively. Three microstructural zones — namely HAZ, TMAZ and NZ — were noted on
these figures. The different flow of the materials was noted in the nugget zones, in the form of
different colours mixing the light brown and the dark brown. The light brown represents the
AA8011 alloy while the dark brown represents the AA6082 alloy. This indicates that the FSWed
joints, regardless of material positioning, underwent plastic deformation and dynamic
recrystallization resulting in fine equiaxed grain structures [200-201]. This behaviour is noted
by the oval flow pattern as visible on the nugget zones. A kissing bond was highlighted in
Figure 4.3.2(h) by a red arrow: this type of defect results from inadequate pressure and
insufficient stirring of the materials, thus instigating inefficient material deformation in the joint
[230]. However, the kissing bond can also be a result of the oxide layer present on the base
materials, when not removed properly prior to FSW, which can lead to improper bonding and
manifest itself as a kissing bond [237]. The kissing bond is usually found at the interface of the
materials [234].
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F|gure 4 2.3.1: FSWJomts optlcal micrographs at objectlve 5x, AA6082 AS: start (a) advancmg
side (b) NZ (c) retreating side; middle: (d) advancing side (e) NZ (f) retreating side;
end: (g) advancing side (h) NZ (i) retreating side.
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Figure 4.2.3.2: FSWJomts optlcal micrographs, AA8011 AS: start €) advancmg 5|de (b) NZ (c)

retreating side; middle (d) advancing side (e) NZ (f) retreating side; end: (g) advancing side (h)
NZ (i) retreating side.

The NFSP-FSW optical micrographs are illustrated in Figures 4.2.3.3 and 4.2.3.4. The three
previously mentioned microstructural zones were noted from the figures. Similar observations
were also noted on the SFSP-FSW joints in Figures 4.2.3.5 and 4.2.3.6. The FSPed joints
regardless of the conditions showed more homogenous grain structures, compared to that of
the FSW joints. There were no defects noted on the micrographs of the NFSP-FSW and
SFSP-FSW joints. The FSP application through the double stirring and repeated maximum
plastic deformation resulted in a recrystallized microstructural zones, resulting in the repairing
of the defects previously noted on the FSW joints [239].

G AABD11-RS

AABOB2AS, Bl Anc082-AS .

Figure 4.2.3.3: NFSP FSWjomts optical micrographs, AA6082 AS: start: (a) advancmg side (b)
NZ (c) retreating side; middle: (d) advancing side (e) NZ (f) retreating side;
end: (g) advancing side (h) NZ (i) retreating side.
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AAB082-RS

AABO11-AS

AA8011-AS

Flgure 4.2.3.4: NFSP- FSW]omts optical micrographs, AA6082-AS: start: (a) advancing side (b)
NZ (c) retreating side; middle: (d) advancing side (e) NZ (f) retreating side;
end: (g) advancing side (h) NZ (i) retreating side.

AABOB2-AS 417
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AA8011-RS

AABOB2-AS

Figure 4.2.3.5: SFSP-FSW joints optical micrographs, AA8011-AS: start: (a) advancing side (b)
NZ (c) retreating side; middle (d) advancing side (e) NZ (f) retreating side; end (g) advancing
side (h) NZ (i) retreating side.
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Figure 4.2.3.6: SFSP-FSW joints optical micrographs, AA8011-AS start: (a) advancing side (b)
NZ (c) retreating side; middle: (d) advancing side (e) NZ (f) retreating side; end: (g) advancing
side (h) NZ (i) retreating side.

Figure 4.2.3.7 presents the NZ optical micrographs for the FSW-welded, NFSP-FSW and
SFSP-FSW joints. Table 4.2.3 shows the measured grain sizes and standard deviation of the
optical micrographs of the NZ with the grain distribution charts presented in Figure 4.2.3.8. The
mean grain size of the FSWed AA6082-AS was 22.470 um to 23.976 um with a standard
deviation range of 6.521 um to 7.770 um. The FSWed AA8011-AS joints had a mean grain
size range of 23.720 um to 24.249 pm with a standard deviation range of 6.854 um to 9.946
um. The NFSP- FSW AA6082-AS mean grain size range was 11.250 um to 13.460 um and a
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standard deviation of 3.686 um to 4.535 um. The mean grain size range for the NFSP-FSW
AA8011-AS was 12.453 um to 14.171 um and a standard deviation of 3.919 um to 4.982 um.
The SFSP-FSW AA6082-AS joints had a mean grain size range of 4.966 um to 6.688 pm, with
a standard deviation range of 1.795 um to 2.662 um. A mean grain size range of 5.824 um to
6.760 pum with a standard deviation range of 1.923 um to 2.471 pm was obtained for the SFSP-
FSW AA8011-AS joints.
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(c) end; FSW AA8011-AS joints: (d) start (e) middle (f) end; NFSP-FSW AA6082-AS joints: (g)
start (h) middle (i) end; NFSP-FSW AA8011-AS joints: (j) start (k) middle (I) end; SFSP-FSW
AA6082-AS joints: (m) start (n) middle (0) end; SFSP-FSW AA68011-AS joints: (p) start (q)

middle (r) end.

The obtained grain distribution of the FSW showed uniformity with a partly homogeneous grain
structure (see Table 4.2.3). The mean grain sizes prove that the application of both NFSP and
SFSP improved the microstructure of the FSWed joint. The stirring of the materials and plastic
deformation that occurred during the FSP of the FSWed joints were determined as responsible
for the recrystallized grain structures [207-208]. The application of FSP was noted to also
decrease in the standard deviation of the joints. This behaviour means that the FSPed joints
had fewer measurement deviations in the grain sizes [173]. Similar findings were reported in
the literature [149]. As far as specimen positioning is concerned, there was no particular trend

found on any joints produced.

Table 4.2.3: Grain sizes and standard deviations for the NZ.

Joint Mean grain size Minimum grain Maximum grain Standard
(um) size (um) size (um) deviation (um)

AA6082-AS

FSW E 23.297 11.779 39.791 6.521
FSW M 22.470 8.724 45.296 9.014
FSW E 23.976 7.070 41.736 7.770
AA8011-AS

FSW S 23.720 9.980 45.186 9.946
FSW M 24.249 10.118 46.825 9.753
FSW E 24.049 8.957 40.470 6.854
AA6082-AS

NFSP-FSW S 11.250 3.342 19.738 3.948
NFSP-FSW M 13.460 7.057 25.143 3.686
NFSP-FSW E 12.716 4.236 23.786 4.535
AA8011-AS

NFSP-FSW S 14.171 4.003 27.384 4.671
NFSP-FSW M 14.075 5.219 22.644 3.919
NFSP-FSW E 12.453 4.564 25.973 4,982
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AAGB082-AS

SFSP-FSW S 5.180 1.738 9.214 1.795
SFSP-FSW M 4.966 1.218 9.82 2.170
SFSP-FSW E 6.688 1.910 10.15 2.662
AA8011-AS

SFSP-FSW S 6.760 1.658 10.735 1.923
SFSP-FSW M 6.378 1.746 12.345 2.449
SFSP-FSW E 5.824 1.325 10.019 2471

Figure 4.2.3.9 depicts the average grain sizes of the FSWed, NFSP-FSW and SFSP-FSW
joints. Comparing the average grain sizes for NFSP-FSW to the SFSP-FSW joints, the SFSP-
FSW AA6082-AS showed a much-refined grain size of about 44.978% and 38.156% for the
SFSP-FSW AA8011-AS joints. The grain refinement was owed to the dynamic recrystallization
whereby the maximum plastic deformation and thermal softening occurred in the nugget zone
[102, 239]. Additionally, the SFSP had higher grain refinement due to the rapid cooling resulting
in low temperatures, which prevents possible grain growth and lowers the duration of the
processing [84, 156, 240]. Regardless of the FSP condition, the grain sizes of the AA6082-AS
joints showed higher grain refinement than the AA8011-AS ones, a behaviour due to placing
higher strength alloy on the AS which resulted in stirring, proper material flow and adequate
heat input [91, 241]. Similar findings were reported in the literature [108, 210-211].
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Figure 4.2.3.8: Grain distribution graphs: FSW AA6082-AS joints: (a) start (b) middle (c) end;
FSW AA8011-AS joints: (d) start (e) middle (f) end; NFSP-FSW AA6082-AS joints: (g) start (h)
middle (i) end; NFSP-FSW AA8011-AS joints: (j) start (k) middle (I) end; SFSP-FSW AA6082-AS
joints: (m) start (n) middle (0) end; SFSP-FSW AA68011-AS joints: (p) start (gq) middle (r) end.
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Figure 4.2.3.9: Average grain sizes of the nugget zones of the FSWed, NFSP-FSW and SFSP-
FSW joints.

4.2.4 Flexure tests

Post-flexure test specimens are presented in Figure 4.2.4.1. The FSW AA6082-AS specimens,
both root and face tested, showed no visible cracks; likewise, the FSW AA8011-AS root
specimens also showed no cracks. However, the FSW AA8011-AS face specimens all showed
cracks at the centre of the nugget zone. The NFSP-FSW showed no visible cracks regardless
of material positioning except for the specimen extracted from the start of the joint on the
NFSP-FSW AA6082-AS (face) and the specimen extracted from the middle of the NFSP-FSW
AAB011-AS (face). The SFSP-FSW AA6082-AS (face) specimen extracted from the start
fractured shortly after the test was initiated; hence, there was not much demonstrable flexing.
The rest of the specimen did not show any visible cracking for both face and root flexing. The
SFSP-FSW AA8011-AS (face) specimens extracted from the start and middle of the joint
showed cracks on the centre of the joint, which is the centre of the nugget zone. However, the
specimen extracted towards the end of the joint showed no cracks as well as the specimens
subjected to root flexing. The cracks of all the specimens noted were all in the centre of the
joints, suggesting that the cracks were initiated by defects present at the respective joints which
were previously noted on the macrostructure of the same joints. The specimens all bent on the
HAZ of the AA8011 alloy regardless of the joint configuration. This behaviour suggests that the
joint strength was stronger than that of the weakest alloy AA8011 [140]. Similar findings were
noted in the literature [107, 213].
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Figure 4.2.4.1: Flexural strength — strain curves: (a) FSW AA6082-AS (face); (b) FSW AA6082-
AS (root); (c) FSW AA8011-AS (face); (d) FSW AA8011-AS (root); (e) NFSP-FSW AA6082-AS
(face); (f) NFSP-FSW AA6082-AS (root); (g) NFSP-FSW AA8011-AS (face); (h) NFSP-FSW
AA8011-AS (root); (i) SFSP-FSW AA6082-AS (face); (j) SFSP-FSW AA6082-AS (root); (k) SFSP-
FSW AA8011-AS (face); (I) SFSP-FSW AA8011-AS (root).

82



Figure 4.2.4.2 (a-d) depicts the flexural strength and strain curves for the FSW joints. The FSW
AA6082-AS (face) joints showed a UFS range of 175.375 MPa to 281.675 MPa at a flexural
strain rate of 37.88% and 33.111%, respectively. The FSW AA6082-AS (root) had a UFS
range of 144 MPa to 282.375 Mpa at respective strain rates of 22% and 34%. The minimum
and maximum flexural strain rates obtained at fracture point for the FSW AA6082-AS (face)
were 42.556% and 46%, respectively. The FSW AA6082-AS (root) had a minimum flexural
strain rate of 41.783% and the maximum was 44.58%. The FSW AA8011-AS (face) UFS
range was from 148.125 MPa to 260.25 MPa at strain rates of 11.2% and 27.88%, respectively,
with a UFS range of 120 MPa to 151.189 MPa at a respective strain rate of 11.7% and 14.823.
The minimum and maximum flexural strain rates obtained at fracture point for the FSW
AA8011-AS (face) were 38.7% and 43.88%, respectively. The FSW AA8011-AS (root) had a
minimum flexural strain rate of 38.1% and maximum of 43.88%. There was a minimal
difference between the face and the root results for the FSW AA6082-AS joints. However, the
FSW AAB011-AS joint results showed that the face results were sounder than the root results.
This behaviour was noted only for the flexural strength, as the flexural strain, in contrast,
showed a minimal difference.
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Figure 4.2.4.2: Flexural strength — strain curves: (a) FSW AA6082-AS (face); (b) FSW AA6082-
AS (root); (c) FSW AA8011-AS (face); (d) FSW AA8011-AS (root).

Figure 4.2.4.2(e-h) shows the flexural strength and strain curves for the NFSP-FSW
specimens. The NFSP-FSW AA6082-AS (face) depicted in Figure 4.2.4.2(e) showed a UFS
range of 120.375 MPa to 327.563 MPa at a flexural strain rate of 18.889% and 35.111%,
respectively. A maximum flexural strain rate of 44.778% was noted on the specimen extracted
at the middle of the weld and the lowest (18.889%) on the specimen extracted at the start of
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the joint. The root of the same NFSP-FSW AA6082-AS joint presented in Figure 4.2.4.2(f)
showed a UFS range of 149.625 MPa to 307.125 MPa at a flexural strain rate of 18.333% and
18.778%, respectively. A maximum and minimum flexural strain rate of 43.556% and 42% of
the joint, respectively, were obtained. The maximum UFS was noted on the face specimens
compared to the root specimens of the NFSP-FSW AA6082-AS. This kind of behaviour was
indicated in several studies, including Sorger et al. [213] and Takhakh [214]. The UFS range
of the NFSP-FSW AA8011-AS specimens (see Figure 4.2.4.2[g]) for the face joint was 185.25
MPa at a flexural strain rate of 30.778% to 314.063 MPa at a flexural strain rate of 30.778%.
A maximum flexural strain rate of 46.889% and the lowest flexural strain rate of 40% were
noted for the specimens extracted at the middle and end of the joint, respectively. The UFS
range for the root NFSP-FSW AA8011-AS joints (see Figure 4.2.4.2[h]) was 183.375 MPa and
205.688 MPa at a flexural strain rate of 31.333% and 15.111%, respectively. The maximum
flexural strain rate of 46.222% and minimum of 22.111% were noted on the specimens
extracted from the end and middle of the processed joint.
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The SFSP-FSW flexural strength and strain curves for different joint configurations are
depicted in Figure 4.2.4.2(i-I). The curves for SFSP-FSW AA6082-AS (face) joints are
presented in Figure 4.2.4.2(i). The UFS range was found to be 69 MPa to 141.875 MPa at a
flexural strain rate of 24.55% and 23.44%, respectively. The 69 MPa was due to the start
position having what is known as cold welds, where the harder alloy was not fully melted [189-
190]. This, therefore, led to the joint having a cavity defect. This behaviour correlates to the
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macrostructure obtained. The maximum flexural strain rate of 49.220% and minimum of
31.44% were obtained on the start and middle specimen positioning. The root curves of the
same joint (see Figure 4.2.4.2[j]) have a UFS range of 141.75 MPa to 171.56 MPa with
corresponding flexural strain rates of 23.89% and 11%, respectively. The maximum flexural
strain of 42.221% was obtained from the specimen extracted at the end of the joint and the
minimum (12.44%) from the specimen extracted at the start of the joint. Figure 4.2.4.2(k)
represents the SFSP-FSW AA8011-AS (face) with a UFS range of 95 MPa to 270.975 MPa at
the respective flexural strain rate of 19.25% and 35.78%. The maximum flexural strain rates of
61.55% and a minimum of 42.22% were obtained. Figure 4.2.4.2(l) shows the SFSP-TIG
AA8011-AS (root) with a UFS range of 139.44 MPa to 262.75 MPa at a flexural strain of 13.87%
and 34.33%, respectively. A minimum flexural strain of 14.67% and a maximum of 58.78%
were noted. There was no particular identifiable trend in regards to specimen positioning for
the UFS and flexural strain.
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Figure 4.2.4.2: Flexural strength — strain curves: (i) SFSP-FSW AA6082-AS (face); (j) SFSP-FSW
AA6082-AS (root); (k) SFSP-FSW AA8011-AS (face); (I) SFSP-FSW AA8011-AS (root).

Figure 4.2.4.3 depicts the UFS and maximum flexural strain (MFS) obtained on each joint
configuration as discussed. The UFS charts revealed that the maximum UFS was obtained on
the NFSP-FSW AA6082-AS (face) and the maximum UFS for the specimens subjected to root
bending was also noted on the same joint. A difference of 20.6 MPa was obtained between
the maximum UFS face and the maximum UFS root. Furthermore, it was observed that the
SFSP-FSW joints, regardless of face or root surface, showed a higher maximum flexural strain
rate than the NFSP-FSW and FSW joints. There was a 2.8% difference between the MFS root
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and MFS face. The results suggest that when the UFS increases, the MFS (which is the
ductility) decreases and vice versa. Similar behaviour was reported in the literature [140, 215].
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Figure 4.2.4.3: Bar charts: (a) ultimate flexural strength; (b) maximum flexural strain.

4.2.5 Tensile tests

Figure 4.2.5.1 illustrates the post-tensile specimens of the FSWed, NFSP-FSW and SFSP-
FSW joints. The FSWed AA6082-AS specimens extracted from the middle and start of the joint
fractured on the HAZ of the AA8011 side, while the one extracted from the start fractured at
the nugget zone. The FSW AA8011-AS specimens extracted at the start and end of the joint
failed at the nugget zone, while the one extracted at the middle of the joint failed at the HAZ of
the AA8011 alloy. This behaviour confirms that the HAZ consisted of the weakest strength
compared to that of the fusion zone and the AA6082 side of the specimen [216-217]. This
phenomenon is common with the joining of dissimilar materials. All the NFSP-FSW AA6082-
AS specimens fractured on the HAZ, suggesting that the NZ tensile strength was stronger than

86



that of the AA8011 alloy [90,242]. However, the NFSP-FSW AA8011-AS post-tensile
specimens all failed at the NZ of the joints. This behaviour was due to the presence of tunnel
defects at the NZ as previously mentioned in the macrostructural analysis, rendering the NZ
the weakest position compared to the HAZ of the weakest alloy. Similar behaviour was noted
on the SFSP-FSW AA8011-AS. Conversely, SFSP-FSW AA6082-AS (start specimen) failed
at the NZ due to the tunnel defect that was present prior to tensile testing. However, the middle
and end specimens failed at the HAZ of the weaker alloy. The behaviour is expected as it is
popular for inhabiting minimum hardness compared to other positions of the specimen [243-
244].
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Figure 4.2.5.1: Post-tensile specimens: (a) FSWed joints AA6082-AS; (b) FSWed joints
AAB8011-AS; (c) NFSP-FSW joints AA6082-AS; (d) NFSP-FSW AA8011-AS; (e) SFSP-FSW

AAB082-AS; (f) SFSP-FSW AA8011-AS joints.

Figure 4.2.5.2 presents the tensile stress-strain curves of the FSWed and FSPed joints. Table
4.2.5 shows the tensile properties regarding Figure 4.2.5.2. The FSWed AA6082-AS joint had
a maximum UTS of 84.444 MPa at a corresponding tensile strain rate of 12.41% and a
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maximum yield strength of 67.555 MPa. The minimum UTS and yield strength were at 76.944
MPa at a corresponding tensile strain rate of 6.944% and yield strength of 61.555 MPa. The
minimum and maximum tensile strain rates at the fracture point of the FSWed joint were
8.769% and 23.03%, respectively. The FSWed A8011-AS joint had a maximum UTS of 77.444
MPa at a corresponding tensile strain rate of 5.71% and a maximum yield strength of 61.955
MPa. The minimum UTS and yield strength were found to be 71.338 MPa at a corresponding
tensile strain rate of 10.382% and yield strength of 57.070 MPa. The minimum and maximum
tensile strain rates at the fracture point of the FSWed joint were 7.68% and 16.13%,
respectively. The NFSP-FSW AA6082-AS joints had a minimum UTS of 85.611 MPa at a
corresponding tensile strain rate of 11.680% with a maximum vyield strength of 69.845 MPa.
The maximum UTS of the said joints was 89.611 MPa at a corresponding tensile strain rate of
12.655% and yield strength of 71.289 MPa. The maximum and minimum tensile strain rates at
the fracture point were 24.609% and 20.620%, respectively. The NFSP-FSW AA8011-AS
joints showed a maximum UTS of 87.556 MPa at a tensile strain rate of 12.860%, with a yield
strength of 70.004 MPa. The minimum UTS of 87.111 MPa at a tensile strain of 12.921% with
a yield strength of 69.689 MPa were noted. The minimum and maximum tensile strain rates of
14.251% and 21.652% were obtained at the joint breakpoints. The application of the NFSP
technique increased both the tensile strength and tensile strain. This behaviour was associated
with the stirring and dynamic recrystallization of the joints that resulted in the notable grain
refinement, known for positively impacting joint tensile properties [218-219].
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Figure 4.2.5.2: Tensile stress-strain curves: (a) FSWed joints AA6082-AS; (b) FSWed joints
AAB8011- AS; (c) NFSP-FSW AA6082-AS joints; (d) NFSP-FSW AA8011-AS joints; (e) SFSP-
FSW AAB082-AS joints; (f) SFSP-FSW AA68011-AS joints.

The maximum UTS for the SFSP-FSW AAG6082-AS joints was 92.511 MPa at a corresponding
tensile strain rate of 15.095% and a yield strength of 74.009 MPa. The minimum UTS was
83.833 MPa at a tensile strain rate of 7.381% and yield strength of 67.066 MPa. The minimum
and maximum tensile strain rates at the breakpoint were 8.888% and 25.978%, respectively.
Additionally, the SFSP-FSW AA8011-AS had a maximum UTS of 90.011 MPa at a tensile
strain rate of 13.50% and yield strength of 71.288 MPa. The minimum UTS was 80.25 MPa at
a corresponding tensile strain rate of 6.959% and a yield strength of 63.778 MPa. The said
joints had a minimum and maximum tensile strain rate (at breakpoint) of 9.389% and 23.045%.
The tensile strength and tensile strain were significantly improved post-SFSP regardless of
material positioning. This behaviour was in agreement with the microstructural grain sizes of
the same joints which showed remarkable refinement, which has a vital role in the
strengthening of the material properties [220]. Additionally, this behaviour was in agreement
with the Orowam hardening mechanism: the refinement of grains sizes reduces the presence
of cracks within the joints, making the joint impossible to crack at lower stress, thereby
increasing the tensile strength of the SFSPed joints [221]. Additionally, rapid cooling also
played a crucial role in the improvement of the tensile properties by decreasing the chances
of abnormal grain growth, a very common phenomenon when the joints experience excessive
heat which affects the joint properties negatively [222].

Table 4.2.5: Tensile properties of the joints.

Joint Ultimate tensile Yield strength Strain rate Fracture

strength (MPa) (MPa) @ 0.2% (%) location
offset

AA6082-AS

FSW S 76.944 61.555 8.769 NZ

FSW M 80.278 64.222 21.828 HAZ

FSW E 84.444 67.555 23.035 HAZ

AA8011-AS

FSW S 72.167 57.733 13.753 HAZ

FSW M 71.338 57.070 16.138 NZ

FSW E 77.444 61.955 7.682 HAZ
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AAG082-AS

NFSP-FSW S 88.944 71.155 24.609 NZ
NFSP-FSW M 89.611 71.289 23.091 HAZ
NESP-FSW E 85.611 68.489 20.620 HAZ
AAB011-AS

NFSP-FSW S 87.306 69.845 14.251 NZ
NFSP-FSW M 87.111 69.689 21.610 NZ
NFSP-FSW E 87.556 70.004 21.652 NZ
AAB082-AS

SFSP-FSW S 83.833 67.066 8.888 NZ
SFSP-FSW M 92.511 74.009 25.978 HAZ
SFSP-FSW E 91.778 73.422 24.164 HAZ
AAB8011-AS

SFSP-FSW S 80.25 63.778 9.389 NZ
SFSP-FSW M 90.011 71.288 23.045 NZ
SFESP-FSW E 86.333 68.266 21.960 NZ

With regards to specimen positioning, there was no particular order observed for all the
specimens. However, no maximum tensile properties were obtained at the specimens
extracted from the start of the joint. This behaviour is mostly influenced by the mixing of the
material which at the beginning of the joint, the two materials reach melting points at different
temperatures, with the AA6082 taking longer to completely melt resulting in what is known as
cold welds [217]. These cold welds make the beginning of the joint the weakest position and
influence the joint properties negatively. Similar findings were identified in literature [108, 142,
172, 180]. Comparing the NFSP-FSW to the SFSP-FSW, the SFSP-FSW had more improved
UTS, vield strength and ductility. However, only the specimens extracted at the start of the
SFSPed joints showed minimal tensile properties due to the defects which were previously
noted on the macrostructural analysis. Figure 4.2.5.3 depicts the average tensile properties of
the FSWed and FSPed joints. The figure makes evident that both NFSP-FSW and SFSP-FSW
joints were improved compared to those of the FSWed joints. However, the most improved
tensile and yield strengths were noted on the SFSP-FSW joints, while the improved average
ductility was noted on the NFSP-FSW joints. This behaviour was due to the SFSP having a
higher cooling rate than the NFSPed joints. Concerning material positioning, all the joints,
regardless of configuration the AA6082-AS joint, had higher tensile properties than the
AAB011-AS joints. The findings obtained were in correlation with those found in the literature
[173, 245].
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Figure 4.2.5.3: Average tensile properties of the FSWed, NFSP-FSW and SFSP-FSW joints.

4.2.6 Fracture surface analysis

Figure 4.2.6 shows the fracture surface morphology of the FSWed, NFSP-FSW and SFSP-
FSW joints. The fractured surfaces all displayed a dominant ductile failure mechanism. The
ductility of the joints was manifested by the failure characteristics like the microvoids, dimples
interfaced by the transgranular cleavage facets, dimples of various sizes and grain boundaries
[141,190, 206]. On the figure, samples of the ductile characteristics were marked, with the
yellow arrow for inclusion particles, the red arrow representing the transgranular cleavage
facets, the red circle for micro dimples and the blue arrow for microvoids.







Figure 4.2.6: Fracture surface morphologies: FSWed joints AA6082-AS: (a) start (b) middle (c)
end; FSWed joints AA68011-AS: (d) start (e) middle (f) end; NFSP-FSW AA6082-AS joints: ()
start (h) middle (i) end; NFSP-FSW AA8011-AS joints: (j) start (k) middle (I) end;
SFSP-FSW AA6082-AS joints: (m) start (n) middle (0) end; SFSP-FSW AA68011-AS joints: (p)
start (q) middle (r) end.

4.2.7 Hardness tests

Figure 4.2.7.1 illustrates the FSWed, NFSP-FSW and SFSP-FSW nugget zone hardness
profiles with respect to material positioning, with Figure 4.2.7.2 depicting the summarised
hardness values of the same. The FSW AA6082-AS hardness was in the range of 49 HV to
53 HV, with an average of 48 HV, while the AA8011-AS had a range of 46 HV to 49 HV with
an average of 47 HV. The NFSP-FSW AA6082-AS had a hardness range of 52 HV to 53 HV
with an average of 53 HV, whereas the AA8011-AS joint had a 47 HV to 56 HV range with an
average of 52. The increase in the NFSP-FSW hardness was substantiated as caused by the
improved dynamic recrystallization of the joints which resulted in the complete solution forming
new precipitation in the nugget zone [241]. The hardness range of the SFSP-FSW AA6082-
AS joint was 51 HV to 67 HV with an average of 61 HV, while the AA8011-AS joint had a
hardness range of 48 HV to 63 HV with an average of 55 HV. The submerged conditions
hardness behaviour was a result of grain size refinement and strain hardening of the low-
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density dislocations [164, 246-248]. The SFSP-FSW joints had more increased hardness,
unlike the NFSP-FSW which experienced a higher rapid cooling that inhibited the formation of
coarsened microstructural grains [97, 227, 249]. The AA6082-AS joints, regardless of the joint
configuration, showed a decline in the hardness of the advancing AA6082 alloy to that on the
retreating side. Nevertheless, the degree of decline differed in all joints based on the conditions
experienced. The inverse was observed on the AA8011-AS joints. Similar findings were
reported in the literature [108, 173, 205]. In as much as the application of FSP improved the
nugget zone hardness compared to the FSW ones, the obtained hardness was still lower than
that of the AA6082 alloy but higher than that of the AA8011 alloy. The reason behind this
behaviour was that the nugget zone was filled with both the AA8011 and the AA6082, not
solely the AA6082, forming a new solution as previously indicated in the XRD analysis.
Moreover, the nugget zone goes through frictional heat which differs depending on the method;
hence the NFSP-FSW was lower than the SFSP one. It is accepted that the AA6082 alloy is a
precipitate hardened alloy, rendering it extremely sensitive to temperatures above 200°C [208,
250-251].
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Figure 4.2.7.1: Hardness profiles: (a) FSWed joints AA6082-AS; (b) FSWed joints AA68011; (c)

NFSP-FSW AA6082-AS joints; (d) NFSP-FSW AA8011-AS joints; (e) SFSP-FSW AA6082-AS

joints; (f) SFSP-FSW AA68011-AS joints.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The aim of the study was to develop a new FSP method that can be employed to enhance the
mechanical properties of the FSWed and TIG-welded AA6082/AA8011 dissimilar joints. This
aim was achieved using predetermined objectives. The objectives included the fabrication of
the dissimilar aluminium alloy plates using FSW and TIG welding. The produced welded joints
were then friction stir processed under normal and underwater conditions using different
material positioning. Afterwards, the influence of the different friction stir processing conditions
of the AA6082/AA8011 FSW and TIG-welded joints was studied comparatively through the
analysis of metallographic and mechanical tests. The tests included the XRD, macrostructural
and microstructural analysis, flexural test, tensile tests, fracture surface morphology and
Vickers hardness tests.

The TIG-welded average mean grain sizes before FSP were 23.247 pm and 31.765 pm,
respectively. Post-FSP, the results revealed greatly refined grain sizes of 10.373 um for the
NFSP-TIG AA6082-AS and 13.373 um for the NFSP-TIG AA8011-AS. The SFSP-TIG AA6082
average mean grain size was 4.24 ym, and 4.44 um was reported for the SFSP-TIG AA8011-
AS joints. The FSWed average mean grain size obtained was 23.247 um. Post-FSP, the
average mean grain sizes were significantly decreased to 12.45 for the NFSP-FSW AA6082-
AS and 16.566 uym for the NFSP-FSW AA8011-AS joints. The SFSP-FSW AA6082-AS 5.611
pm and 6.321 pm for the SFSP-FSW AA8011-AS refined average mean grain sizes were
obtained. The grain sizes of the submerged FSP method resulted in notable grain refinement
compared to the normal FSP method. This refinement was due to the high rate of cooling
through the underwater environment. Both the FSP of TIG and FSW grain sizes suggest that
the AA6082-AS yielded greater grain refinement than the AA8011-AS joints.

The flexural tests for the TIG-welded joints prior to FSP had a UFS of 198.816 MPa with MFS
of 46.5% for the specimens tested on the root side of the joint and 166.315 MPa with MFS of
46.2% for the face. The maximum UFS NFSP-TIG were 225.36 MPa (root) and 260.25 MPa
(face), while the SFSP-TIG UFS were 211.2 MPa (face) and 300 MPa (root). The MFS for the
NFSP-TIG were 43.98 (root) and 44.8% (face). Additionally, the SFSP-TIG MFS for the root
was 41.7% and 42.72% for the face. The obtained results suggest that the best results for UFS
(face) were obtained for SFSP-TIG and NFSP-TIG for the root, while for the MFS both root
and face were obtained on the NFSP-TIG joints. With regards to material positioning for both
the NFSP-TIG and SFSP-TIG (face) joints, the best UFS were found on the AA6082-AS joints
and for the root, the AA8011-AS showed the most improved results. The NFSP-TIG (root) best
MFS was found on the AA6082-AS joints while for the SFSP-TIG (root) the most preferred was
the AA8011-AS joints. The AA8011-AS joints yielded better MFS results for both NFSP-TIG
and SFSP-TIG (face). The FSWed maximum UFS for face and root prior to FSP were 260.25
MPa and 282.4 MPa, respectively. The MFS obtained for the FSWed joints was 46% for the
face and 44.8 for the root. The application of FSP on the FSWed joints resulted in an NFSP-
FSW maximum UFS of 327.7 MPa (face) and 307 MPa (face), while 271 MPa (face) and 262.8
MPa (root) were obtained for the SFSP-FSW joints. The MFS of 46.9% (face) and 46.2%
(root) were obtained for the NFSP-FSW joints, while 61.6% and 58.8% were obtained for the
SFSP-FSW joints. The SFSP-FSW reported best improvement results compared to NFSP-
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FSW for the MFS. However, the UFS most improved results were found on the NFSP-FSW
compared to the SFSP-FSW. Concerning material positioning, the best MFS results were
found on the AA8011-AS regardless of the FSP method employed for both face and root
surfaces. Moreover, the UFS best results for the SFSP-FSW were found on the AA8011-AS
and AA6082-AS for the NFSP-FSW.

The tensile properties revealed that the FSWed and TIG-welded joints were improved post-
FSP application regardless of the FSP conditions applied. The maximum tensile properties
obtained for the NFSP-TIG were a UTS of 89.777 MPa, yield strength of 71.822 MPa and a
strain rate of 27.994%. The SFSP-TIG maximum tensile properties were a UTS of 90.25 MPa,
72.2 MPa for the yield strength and 28.829% strain rate. The obtained maximum tensile
properties for the NFSP-FSW joints included a UTS of 89.611 MPa, yield strength of 71.289
MPa and a strain of 24.609%. The maximum tensile properties obtained for the SFSP-FSW
joints were a UTS of 92.511 MPa, yield strength of 74.004 MPa and a strain rate of 25.978%.
Comparing the NFSP-TIG and SFSP-TIG average results, the most improved tensile and yield
strengths were obtained on the SFSP-TIG joints, while the most improved ductility was noted
on the NFSP-TIG joints. Similar behaviour was also noted on the FSP of the FSWed joints,
where the SFSP-FSW joints yielded better tensile and yield strength, with NFSP-FSW having
higher ductility. The phenomenon responsible was the high rate of cooling on the SFSPed
specimens. The obtained tensile results correlate with the grain sizes of the respective joints.
The maximum FSPed FSW tensile properties were obtained from the AA6082-AS joints while
the FSPed TIG-welded joints were obtained from the AA8011-AS. The fracture surface
morphology results suggest that all joints exhibited a ductile failure mode based on the
characteristics noted.

The average hardness of the TIG-welded joints prior to FSP was 58.5 HV; post-FSP the NFSP-
TIG hardness was 60.5 HV for the AA6082-AS joints and 61.5 HV for the AA68011-AS one.
The SFSP-TIG AA6082-AS average was reported at 63 HV and 69 HV for the AAB011-AS
joints. The nugget zone average hardness of the FSWed joints prior to FSP was 48 HV for the
AAG6082-AS joint and 47 HV for the AA8011-AS joint. Post-FSP, the NFSP-FSW average
hardness was 53 HV and 52 HV for the AA6082-AS and AA8011-HV joints, respectively.
Furthermore, the SFSP-FSW AA6082-AS average hardness was 61 HV and 55 HV for the
AAB011-AS joint. While the specimen positioning had no particular sequence, the material
positioning was determined to have a minimal effect on the FSW and NFSP-FSW joints but
with the SFSP-FSW a notable difference of 6 HV was observed. Both NFSPed and SFSPed
joints showed an increase in the hardness of the nugget zone compared to the welded joints,
with the SFSPed showing a higher increase compared to the NSFSPed joints. However, for
the FSPed TIG specimens, the AA8011-AS joints had a higher increase than the AA6082-AS
joints, while on the FSPed FSW joints the AA6082-AS had a higher increase. The hardness
results correlated with grain sizes obtained with respect to the Orowam mechanism and Hall-
Petch relationship. The different operating conditions had a notable impact on the hardness
due to different heat inputs during the FSP of the welded joints.

5.2 Recommendations

Based on the results obtained the following recommendations can be made:

It is recommended that the tool offset be added to the parameters to be optimised for significant
enhancement of the mechanical properties of the friction stir processed dissimilar joints under
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both conditions employed. In as much as the application of the friction stir processing yielded
better results for both material positionings considered, the parameters used do not fully favour
both conditions. This is due to the difference in the material melting points and strength. Based
on those observations, it is therefore recommended that the processing parameters be
optimised for each joint configuration to maximise joint properties.
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