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FRICTION STIR ALLOYING OF IMMISCIBLE MAGNESIUM ALLOY AND
MILD STEEL WITH ALUMINIUM AND CARBON NANOTUBES AS
ADDITIVES
ABSTRACT

With growing environmental concerns, the need for more energy-efficient vehicles is
bigger today than ever, and producing lighter vehicle support structures is a promising
way to increase efficiency. Magnesium alloys welded with steel propose the possibility
of weight-efficient structures, with the stronger steel in critical locations and magnesium
alloy in locations where a stronger material (usually heavier) is not required. Friction stir
alloying (FSA), as a solid-state process, is shown to be a promising method for joining
dissimilar/ immiscible metals by using additives to improve joint properties. Dissimilar
materials joining AZ31-mild steel using Al-Mg additives and AZ61 magnesium alloy-
mild steel using AI-CNT additives were successfully produced by the friction stir alloying
process. Al-Mg powder additives were injected in a gap between AZ31 and the mild steel
specimen’s butt prior to welding. The experiments were performed for different weight
percentages of Al-Mg powder additives at welding speeds of 25 mm/min, 50 mm/min
and 100 mm/min with a constant tool rotational speed of 500 rpm. The effect of powder
additives and welding speed on tensile strength, microhardness, characterisation across
welding interface and fracture morphology were investigated. Tensile test results showed
significant enhancement of tensile strength of 150 MPa for 10% Al and Mg (balance)
powder additives welded joint compared to the tensile strength of 125 MPa obtained for
welded joint without powder additives. The loss of aluminium in the alloy is compensated
by Al-Mg powder addition during welding under a suitable heat input condition identified
by varying welding speeds. Microstructural analysis revealed that the Al-Mg powder was
well mixed and dispersed at the interface of the joint at a welding speed of 50 mm/min.

Intermetallic compounds detected in the welding interface contributed to the welding
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strength. In other material combinations, another promising magnesium alloy, AZ61 used
to join with mild steel with AI-CNT additives by the friction stir alloying. Before welding,
AI-CNT additives were too injected in a gap between the AZ61 and steel specimens. The
experimentation was performed using different welding speeds while tool rotational
speed was kept constant for varying weight percentages of carbon nanotubes (CNT) in Al
powder. The influence of additives and welding speed on tensile strength and
characterisation across the welding interface was studied. Tensile strength of joint with
3% CNT improved up to 222 Mpa. In terms of improving joint strength qualities, CNT
has a significant impact. Al-rich Intermetallic compounds were found at the welding
contact, while the formation of Al,MgC; carbide was detected, which contributed to CNT

strengthening effects all to improved welding strength.

Keywords: Friction stir alloying, carbon nanotubes, dissimilar joint, magnesium alloy,
mild steel, nanoscale analysis, phase identification, intermetallic compound,

characterisation, mechanical properties
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PENGALOIAN KACAU GESARAN DI ANTARA ALOI TIDAK TERCAMPUR
MAGNESIUM DAN KELULI LEMBUT DENGAN ALUMINIUM DAN
KARBON NANOTIUB SEBAGAI BAHAN TAMBAH
ABSTRAK

Seiring dengan perhatian terhadap alam sekitar yang semakin meningkat, keperluan
untuk kenderaan yang lebih cekap tenaga semakin besar pada hari ini. Pembinaan struktur
sokongan kenderaan yang lebih ringan adalah suatu cara yang menjanjikan penigkatan
kecekapan. Aloi magnesium yang dikimpal dengan keluli boleh memberikan struktur
yang cekap berat dengan keluli yang lebih kuat di lokasi kritikal dan aloi magnesium di
lokasi di mana bahan yang lebih kuat (biasanya lebih berat) tidak diperlukan. Pengaloian
Kacau Geseran (PKQ) ialah suatu proses dalam keadaan pepejal, sebagai kaedah yang
berpotensi tinggi untuk mencantumkan logam yang tidak serupa/tak larut dengan
kehadiran bahan tambah untuk memperbaiki sifat sambungan. Bahan tidak serupa yang
bergabung dengan aloi magnesium AZ31 menggunakan bahan tambah serbuk
Aluminium /Magnesium dan aloi magnesium AZ61 bersama-sama dengan keluli lembut
menggunakan bahan tambah Aluminium-Karbon Nano Tiub (AI-KNT) telah berjaya
dihasilkan melalui proses pengaloian kacau geseran. Bahan tambah serbuk Al-Mg
dimasukkan ke dalam celah sisi antara AZ31 dan keluli sebelum dikimpal. Eksperimen
dilakukan untuk peratusan berat yang berbeza bagi bahan tambah serbuk Al-Mg pada
kelajuan kimpalan 25 mm/min, 50 mm/min dan 100 mm/min dengan kelajuan putaran
alat dimalarkan pada 500 putaran per minit. Kesan bahan tambah serbuk dan kelajuan
kimpalan ke atas kekuatan tegangan, kekerasan mikro, pencirian merentasi antara muka
kimpalan dan morfologi patah telah disiasat. Keputusan ujian tegangan menunjukkan
peningkatan ketara kekuatan tegangan 150 MPa bagi 10% Al dan Mg (imbangan) bahan
tambah sambungan dikimpal berbanding dengan kekuatan tegangan 125 MPa yang

diperolehi untuk sambungan dikimpal tanpa bahan tambah. Kehilangan aluminium dalam



aloi telah ditampung penambahan serbuk Al-Mg semasa mengimpal di bawah keadaan
input haba yang sesuai telah dikenal pasti, dengan kelajuan kimpalan yang berbeza-beza.
Analisis mikrostruktur mendedahkan bahawa serbuk Al-Mg telah dicampur dengan baik
dan tersebar pada muka sambungan pada kelajuan kimpalan 50 mm/min. Sebatian antara
logam yang telah dikesan dalam antara muka kimpalan menyumbang kepada kekuatan
kimpalan. Dalam eksperimen seterusnya, aloi magnesium AZ61 telah digunakan untuk
bergabung dengan keluli lembut dengan bahan tambah AI-KNT melalui proses
pengaloian kacau geseran. Sebelum dikimpal, bahan tambah AIl-KNT telah disuntik
dalam jurang antara AZ61 dan spesimen keluli. Percubaan dilakukan menggunakan
kelajuan kimpalan yang berbeza manakala kelajuan putaran alat dikekalkan malar untuk
peratusan berat karbon nano tiub yang berbeza-beza dalam serbuk Al. Pengaruh bahan
tambah dan kelajuan kimpalan ke atas kekuatan tegangan dan pencirian merentasi antara
muka kimpalan telah dikaji. Kekuatan tegangan sambunagn itu dengan 3% CNT
bertambah baik sehingga 222 Mpa. Dari segi meningkatkan kualiti kekuatan sambungan,
tambahan KNT menunjukkan impak yang ketara. Sebatian antara logam yang kaya
dengan Al ditemui pada sentuhan kimpalan, manakala pembentukan karbida Al.MgC>
yang telah dikesan telah menyumbang kepada kesan pengukuhan untuk menghasilkan
kekuatan kimpalan yang lebih baik.

Kata kunci: Pengaloian aduk geseran, tiub nano karbon, sambungan tidak serupa, aloi
magnesium, keluli lembut, analisis skala nano, pengenalpastian fasa, sebatian antara

logam, pencirian, sifat mekanikal
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CHAPTER 1: INTRODUCTION

Environmental pollution and scarcity of fossil fuels are significant issues affecting the
world today. One of the biggest contributors to these problems is the transportation sector.
It is estimated there are approximately 1.2 billion motor vehicles on the road, which
accounts for 75 per cent amount of pollution, 27 per cent of emission of greenhouse gases
and 756 litres of petrol consumption per year (Brinson, 2021; John, 2021). The amounts of
pollution and fuel consumption can be reduced significantly by improving the vehicle's
fuel efficiency. At the moment, steel accounts for more than half of the weight of a typical
automobile (Murdoch, 2008).

One method to improve fuel efficiency is to lessen the vehicle's weight using
lightweight materials such as magnesium and aluminium (Karakizis et al., 2019; Wang et
al., 2017). However, some parts of the vehicle, such as the body frame and structures, still
require the high strength and toughness that the traditional use of steel can only fulfil. A
possible solution is by using dissimilar materials joints that reduce the weight of the
component without compromising the requirements of strength and toughness.

Magnesium alloys prove to be a better option as a dissimilar joint material than
aluminium alloys since they are nearly as strong as aluminium, but magnesium is 33%
lighter. Additionally, magnesium alloys have good energy absorption characteristics and
high specific strength and are widely available (Patel et al., 2013; Zhang et al., 2015).
Magnesium alloys, on the other hand, have some drawbacks as compared to aluminium
and steel-based alloys. The primary disadvantage of magnesium alloys is that most alloys
exhibit high chemical reactivity and poor resistance to corrosion. Many recently
developed AZ (Aluminium and Zinc) series magnesium alloys, such as AZ31, AZ61 and
AZ91E, have shown good corrosion resistance to previous magnesium alloys and are also

suitable for automotive applications.



Although newly produced magnesium alloys with improved corrosion resistance have
allowed the use of these lightweight alloys in vehicles, joining methods continue to be a
significant barrier to widespread adoption. Friction stir welding (FSW) is a solid-state
welding process that has shown success in joining similar and dissimilar metals (Dharani
& Suresh, 2022; Raj & Biswas, 2022). FSW has been implemented successfully to produce
automotive sub-frame structures from dissimilar aluminium and steel joining (Kusuda,
2013). Numerous studies have been reported for joining dissimilar materials using FSW.
From these researches joining mechanism of dissimilar materials can be understood
(Doley & Kore, 2016; Pourali et al., 2017a; Wang et al., 2018; Yusof et al., 2016; Zhao
et al., 2015). Researchers reported the effect of process parameters, welding conditions
and with or without interlayer between workpieces for dissimilar materials welding
(Boucherit et al., 2017; Buffa et al., 2019; Chen et al., 2018; Kar et al., 2018; Mokabberi
et al., 2018). AZ series magnesium alloys were used in a few investigations of different
FSW of Fe/Mg combinations (Kasai et al., 2015b; Sahu et al., 2021). Nevertheless,
immiscible materials, including Fe/Mg, make it difficult to develop quality joints since
the immiscible materials prevent the formation of an Intermetallic compound (IMC) at
the interface. Filler materials or additive materials have received a lot of interest since
they may be utilised for both similar and dissimilar welding. During the FSW, several
researchers used filler materials or additives to analyse the material flow (Liu & Wu,
2015). Friction stir alloying (FSA), which is based on the concepts of friction stir welding,
has recently gained a lot of interest as a composite joint formation process by employing
additives at the interface and a particular place. FSA is a very successful technology for
fabricating metal-matrix nanocomposites, fine-grained metals with superplasticity,
homogenising powder metallurgy processed and formation of composite joints for
improved processed properties (Agrawal et al., 2020; Moiduddin et al., 2021; Sharma et

al., 2022; Sharma et al., 2020). Therefore, to fully utilise the advantages of dissimilar



joints, AZ series magnesium alloy and mild steel must be carefully tested and extended
to various AZ series magnesium alloy/ mild steel configurations with additives.
1.1 Problem statement and research question

The joining of magnesium to steel is challenging since the maximum solubility of Fe in
Mg is only 0.00043 wt.% (von Goldbeck, 1982). This means that at ambient temperature,
magnesium and steel do not mix and interact with one another (Mao & Bell, 1979).
Additionally, there are significant variations in magnesium alloys and steel's physical,
chemical, and mechanical properties, restricting the use of traditional fusion or solid-state
joining techniques. However, zinc-coated low-carbon steel has been joined with AZ31
magnesium alloy using FSW (Chen & Nakata, 2009). An IMC layer of Fe;Aliz was
detected with no presence of Zn at the joining interface of the magnesium and steel. The
presence of zinc has improved the weldability between magnesium alloy and steel, and a
good joining performance was obtained. FSW between several magnesium alloys (pure
AZ, AZ31, AZ61) with low carbon steel has shown that increasing the percentages of
aluminium content in the Mg alloys would enhance the mechanical properties of the welded
joint (Kasai et al., 2015a). It was shown that the AZ61 alloy, having high aluminium content,
produces joints with the highest tensile strength. This has been attributed to the IMC
formation of Fe;Als at the interface of the joint.

Several techniques have been proposed to overcome the immiscibility of joining
dissimilar materials. A friction powder processing (FPP) method has been developed,
which utilises the addition of metal powders into the joining interface. For the joining of
Al-Fe, it was found that the addition of Al powder into the gap of the join prevented the
formation of defects, while the hardness increased when Cu powder was used (Inada et al.,
2010). A similar technique was used in friction stir processing (FSP) of aluminium matrix
reinforced with Fe particles. The stirred zone area exhibited superior microhardness

values compared to other regions (Sarkari et al., 2015). FSA is a modification of



the FSW in which the alloying materials are reinforced in the workpiece material either
at the interface or at a specified spot for localised property improvement (Karthik et al.,
2017). Apart from the metal particle as reinforcement, carbonaceous nanomaterials,
namely carbon nanotubes (CNT) and graphene, have gathered attention as a prospective
reinforcing nanomaterial in FSA due to their exceptional mechanical, chemical, thermal,
tribological properties (Jayabalakrishnan & Balasubramanian, 2018; Montazerian et al.,
2019; Zhao et al., 2017).

The method of reinforcing material introduction at the interface is a crucial factor in
determining the properties of the reinforced joint. In the initial stage of reinforced FSW
or simply FSA, researchers preferred the open groove method for applying reinforcing
material and reinforcements were pressed into the groove tightly (Bahrami et al., 2014;
Fallahi et al., 2017; Paidar et al., 2018). However, during the FSA process, reinforcing
material was splattered out from grooves due to force generated during the process. This
made an inappropriate proportion of reinforcing material available inside the welding
zone. To avoid this spilling problem, some authors used a slurry of nanoparticles mixed
with ethanol inside the open groove and made nanoparticles manageable (Dragatogiannis
et al., 2016; Kartsonakis et al., 2016). In some experiments before welding, the open
grooves were subjected to a pinless tool to avoid expulsion of the nanoparticles out of the
groove during the process (Bodaghi & Dehghani, 2017; Karakizis et al., 2018a).
However, this pinless tool processing creates extra work, which is not feasible in industry
practice. Therefore it is necessary to develop a new method of additive materials
application at the interface of workpiece materials. To date, no studies have been carried
out on joining AZ series magnesium alloy and mild steel with aluminium powder and
CNT as additive materials and dispersion of nano additive method is not developed using

PEG. This defines the novelty of current research.



After looking into the problem statement following research, questions come into
mind.
a) How can sound joining of Mg alloy and steel be accomplished?
b) How can the depletion of Al be controlled while joining the Mg alloy and mild
steel?
¢) How can the addition of CNT nanomaterials improve joint strength?
d) How can nano-additive be introduced at the joint interface for uniform

dispersion?

1.2 Research objectives
This research aims to fabricate joints with good mechanical properties from AZ series
magnesium alloys (AZ31 and AZ61) and mild steel using the FSA technique with
additives and to understand the microstructural evolution and the joining mechanism of
these joints. The following are the specific objectives of this study:
1. To implement a novel and innovative method of dispersing nano-additive in FSA.
2. To evaluate the role of aluminium particles additive in forming the intermetallic
compound for strength enhancement in FSA of mild steel with AZ31 magnesium
alloys.
3. To determine the joint quality and the joining mechanism involved in FSA of mild
steel and AZ61 magnesium alloy with aluminium and CNT additives.
4. To explain the strengthening mechanism involved in improving AZ61 magnesium
alloy and mild steel joint properties.
1.3 Scope of research
The current thesis is essential for both researchers and auto manufacturers. Therefore,
this research would assist researchers and welding engineers in developing a thorough
understanding of the mechanisms behind the joining of magnesium alloys and steels.

Additionally, welding engineers can use the findings of this study to establish magnesium



alloys and steel FSA joints using additives with superior mechanical properties. Also, this
research may serve as a guide for the automotive sector to consider implementing FSA
techniques using metal particles and carbonaceous nanoparticles as additives in their

production lines for joining magnesium alloy and steel components.

14 Thesis framework
The thesis has been divided into five chapters which are as follows: The first chapter
provides a short introduction to the topic and states the problem and objectives of the

work. The significance of the thesis outcome is also briefly described in this chapter.

Chapter two describes the background of magnesium alloy and steel friction stir
welding with aspects of microstructural and mechanical properties. Furthermore, the
effect of the FSA technique using additives in various similar and dissimilar material
processing will be reviewed. The background of CNT and its application as an additive

to improve process characteristics will be discussed briefly

Chapter three presents the experimental methods used in this study, including the

unique method of nano-additive introduction at the interface.

Chapter four describes the experimentally observed results and correlation between

mechanical properties and microstructural features.

Finally, chapter five provides conclusions of the research results and recommendations

for future studies.



CHAPTER 2: LITERATURE REVIEW

2.1 Importance and issues of magnesium alloy and steel joining

The continuous growth in fossil fuel usage and decline in availability necessitates
innovative technology to overcome these issues. Also, automotive industries accounted
for 27 per cent of world energy-related CO> emissions (Brinson, 2021; John, 2021).
Reduced vehicle weight minimises oil consumption and CO> emissions. Steel typically
contributes almost 50 per cent of a car's weight (Murdoch, 2008). So substituting steel
using lightweight materials is an easy way to reduce the weight of the vehicle. Alloys
of magnesium, aluminium, and carbon fibre polymeric materials have been used to
substitute steel. In addition, it should be able to establish strong joints with preexisting
steel parts. Carbon fibre polymeric materials are more substantial than magnesium alloys
and aluminium alloys but less resistant to heat. Alloys of magnesium are approximately
as strong as aluminium alloys but are 33 per cent lighter. While issues common to
dissimilar material joining apply to magnesium-steel, there are also unique concerns.
Table 2.1 summarises magnesium and iron's physical and mechanical properties (Song et
al., 2018). Due to the enormous variations between magnesium and iron, Mg/steel joints

experience immiscibility.

Table 2.1: Properties of pure magnesium and iron properties (Song et al., 2018)

Properties Magnesium Iron
Crystal structure Hexagonal close- Body-centered cubic and
packed Face-centered cubic
Melting point (°C) 650 1538
Boiling point (°C) 1090 2861
Thermal conductivity 156 80.4
(W/m.K)
Density (g/cm?) 1.738 7.874




The dissimilar joint of Mg and steel is distinct from Mg/Al and steel/Al joint welding.
Numerous Fe-Al compounds are detected in the Fe/Al joint, as shown in Figure 2.1, all

of which affect the Al/Fe joint's efficiency.

Figure 2.1: Iron-Aluminium binary phase diagram (Kasai et al., 2015a)
However, no IMC formed in the Mg/Fe joint, and the Mg-Fe system has low solid
solubility, as shown in Figure 2.2. As a result, forming an interface layer and obtaining
an appropriate magnesium and steel joint is challenging. Additionally, Fe has a
significantly greater melting point (about 1538 °C) than Mg (Kaye & Laby, 1997). In fact,
the Mg boiling point (about 1090 °C) is much lower than the Fe melting point (Kaye &

Laby, 1997). This means that as steel melts, magnesium is instantly vaporized.
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Figure 2.2: Magnesium-Iron binary phase diagram (Kasai et al., 2015a)

As a result, understanding how to produce an interface layer is critical for joining
immiscible magnesium/steel. Enhancing interfacial reaction can form an IMC layer,
resulting in a practical magnesium/steel welding. At this stage, the study on the joining
of immiscible magnesium/steel dissimilar metals focuses primarily on utilising the
alloying elements from base metal to form IMC aspects. The interface layer's elements
are derived primarily from the base metal or incorporating additive elements. Thus, the
objective of producing various types of IMC layers could be accomplished by selecting
various components of the base metal and appropriate reinforcing elements, such as Al,

Cu, Ni, Cu-Zn layers on the adjacent surface or Ni, Zn, and Sn coating.

2.2 Different methods for joining magnesium alloys to steel
Various joining methods are reported in joining dissimilar materials: mechanical,

fusion, and solid-state (Martinsen et al., 2015). Bolted joints, fasteners, rivets, clinching,



and self-piercing rivets are mechanical joining processes. Magnesium alloy and steel have
been joined using fusion welding techniques like resistance spot welding, laser welding,
laser brazing, and laser/tungsten inert gas. Among solid-state joining techniques, friction
stir welding and ultrasonic spot welding have been used. Various joining methods for Mg

and steel are schematically shown in Figure 2.3.

Figure 2.3: Schematic of joining techniques used to join Mg and steel
2.2.1 Mechanical joining (MJ)

Mechanical connection typically uses forces generated by mechanical interlock and
interference between pieces. Materials can be joined by mechanical fasteners or inherent
mechanical linkage. Mechanical fasteners include bolts, screws, rivets, pins etc. By
making Knurled surface on the interface, mechanical bonding could be improved using
increased surface friction. The mismatch in mechanical characteristics and poorer creep
resistance of Mg alloys than steels induce stress relaxation when mechanically joined.
This relaxation in stress might generate excessive strain, resulting in fastener mechanism

failure (Messler, 2004).
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Only if appropriate measures are taken do fasteners usually loosen with vibration. This
action of vibration causes fasteners to lose force progressively. Then the force loosening
process continues rapidly, causing the bolt, nut, and screw to be lost. Since various alloys
have varying degrees of reactivity, distinct corrosion forms occur when an electrolytic
solution penetrates the loosened gap between the mechanically joined surfaces. A joint's

rigidity can be reduced due to pitting, galvanic and crevice corrosion (Messler, 2004).

222  Fusion welding (FW)

Fusion welding joins material surfaces by melting and solidifying them. A filler can be
employed to enhance the joint properties and accommodate for variances in the
workpiece materials composition. The major fusion welding technique usually employed

to join Mg alloy and steel is discussed in subsequent sections.

2.2.2.1 Laser beam welding (LBW)

Laser beam welding employs a beam of the laser without filler materials. The laser
beam melts magnesium alloy, which reaches into a molten state and distributes over the
steel surface (Ciao et al., 2010; Jiang et al., 2014; Ma et al, 2010). In another
arrangement laser beam focused on the tip of the steel, the workpiece melted the

magnesium alloy via heat conduction, generating a brazed joint (Casalino et al., 2017).

Researchers studied laser beam welding AZ31 alloy to Q235 steel joints. The AZ31
melted while steel melting was kept under restriction. As demonstrated in Figure 2.4, the
molten AZ31 created a welding joint as a filler metal (Ciao et al., 2010; Miao et al., 2014,

2010).
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Figure 2.4: Laser beam welding (a) schematic diagram (b) weld cross-section (c)
elemental distribution at the interface (Miao et al., 2010)

IMCs were formed for a significant metallurgical reaction at the faying surface. The
Al-rich IMCs Mgi7Al12, Mg2Als, FeAl, and FesAli3 were formed. The distributions of
elements changed significantly at the interface in the top section of the joint, attributed to
steel dissolving, as shown in figure 2.3 (c). The tensile strength of joints was found to be
185 MPa at 0.6 mm laser offset, while fracture occurred at the interface. In a similar study,
for joining Mg alloy with stainless steel, the researcher used the laser welding-brazing
technique. At 0.2 mm laser offsetto the AZ31 side, the highest joint strength was
achieved, which was 89.8% of base AZ31.T the IMC at an interface might be made up of
Mgi7Al12 and Mg:Ni, as the steel side fractured surface identified two IMC (Jiang et al.,

2014).

As shown in Figure 2.5, researchers applied a laser offset to the sides to join with Mg
alloy without applying any interlayer. With a laser offset of 0.3 mm and 0.4 mm process
condition, the joints could be formed, but not in the 0.5 mm offset condition. The tensile

strength of the joint was around 100 MPa (Casalino et al., 2017).
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Figure 2.5: Laser beam welding with offset (a) schematic diagram (b) joint
cross-section (¢) microstructure near the interface (Casalino et al., 2017)

The interfacial reaction can be improved using LBW by applying the wire or by
introducing coatings and interlayers. The interlayers of Zn (Li et al., 2013; Nasiri & Zhou,
2015; Tan et al., 2013; Wahba & Katayama, 2012), Ni (Tan et al., 2017), Al (Tan et al.,
2016; Zhou et al., 2020), Sn (Hasiri & Al, 2015), AZ31 filler (Li et al., 2013; Tan et al.,
2016), and AZ92 filler (Nasiri & Zhou, 2015), were used in Mg alloy and steel dissimilar

welding.

The wetting properties of AZ92 as a temperature-dependent function over Ni-plated
steel were investigated (Nasiri et al., 2014). Within a temperature range between 891 K
- 1023 K, interactions between Mg and Ni resulted in 86° contact angle (Mode I), while
Mg>Ni+AINi reactions were formed between steel and Mg joining (Mode I1). Within the
1097 K to 1293 K temperature range (Mode I1), 46° contact angle was recorded, as shown

in Figure 2.6.
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Figure 2.6: (a) Wetting tests schematic (b) contact angle as temperature-
dependent function (c,d) microstructure of interface at peak temperatures (Nasiri
etal., 2014)

Researchers experimented with laser welding of Mg alloy to nickel-coated steel
workpiece and AZ92 filler. At the lower part of the joint, AINi IMC in dendritic form and
a —Mg+MgoNi are produced along the faying surfaces at the joint, whereas only an AINi

phase is formed in the top and middle of the joint, as illustrated in Figure 2.7. The joint's

shear strength was measured at 96.8 MPa (Nasiri et al., 2019).

Figure 2.7: (a) Schematic of laser beam welding of AZ31 and coated steel (b)
joint cross-section (c,d,e) the SEM images of zones A, B, C at the interface (Nasiri
etal., 2019)

Researchers studied the effect of the aluminium interlayer on AZ31 and steel LBW.

At the interface, metallurgical interaction at enhanced by the aluminium interlayer. When

14



the IMC thickness was less than 2 um, it comprised two separate IMCs. In this case, IMC
was Fe(Al) solid solution and Alg(Mn, Fe)s at the AZ31 and steel faying surface and
showed poor joint strength. On the other hand, when the IMC thickness was between 2.3
um to 5.7 um, the highest tensile shear strength was achieved, and IMC changed into
AlgFe. An increased thickness of the aluminium interlayer led to crack development at

the joint interface, as shown in Figure 2.8 (Tan et al., 2016).

Figure 2.8: (a,b) SEM of IMC formation with interlayer thickness variation (c)
two different IMC formed in the case of 1.4 pm IMC thickness (d) formation of
IMC in the case of more than 2 pm IMC thickness (Tan et al., 2016)

2.2.2.2 Cold metal transfer (CMT) welding-brazing

The cold metal transfer (CMT) welding technique is a modified version of gas metal

arc metal inert gas (MIG) welding and metal active gas (MAG) welding. CMT welding

15



of Mg alloy to steel using copper as an interlayer has experimented, as illustrated in
Figure 2.9. At the AZ31 and steel interface, two distinct joining mechanisms are
experienced. At the nugget zone, IMC of Alz3CusFes and FesCuz formed. The
copper interlayer acted as a bridging agent, allowing AZ31 to be welded to steel and

driving a metallurgical action at the interface (Ren & Liu, 2017).

Figure 2.9: (a) Welding arrangement with Cu interlayer (b) nugget zone
macrograph and cross-section (c) SEM image of nugget edge (d,e) magnifying view
of two different locations in nugget edge (Ren & Liu, 2017)

In addition, the CMT welding technique was used to join AZ31 and galvanised mild
steel, with Zn coating at mild steel being essential to a strong joint. The AZ31

and galvanized mild steel joint interface's wettability was better than the AZ31 and

mild steel joint (Cao et al., 2018, 2016).

Researchers experimented with the joint characteristics of Mg alloy and steel using
four different interlayer materials. Figure 2.10 demonstrated that different interlayer,
which is in the form of a coating on the surface of the steel, shows specific wettability of
magnesium with steel. Wettability was also affected by wire feed. Welding with
galvanized iron (GI) and aluminized iron shows better wettability than welding with the

other two types of the coated material. However, Mg alloy and cold rolled bare (CR) steel

16



joints show the highest joint strength. The Mg-Zn-Al IMC was often observed at the
interface of Mg alloy- galvanized iron joints, limiting joint performance improvement.
Because of the poor interfacial bonding between the Mg-Zn, the IMC consisted of the
Mg-Zn had limited joining strength. Aside from the type of interlayer, the thickness of
the interlayer had a significant impact on the mechanical characteristics (Kang et al.,

2018).

Figure 2.10: (a) Lap CMT welding of AZ31 and steel schematic diagram (b)
wetting angle measurement with a different coating material (¢) microstructural
view of the transition layer (Kang et al., 2018)

2.2.2.3 Hybrid welding technique

Figure 2.11 shows the tungsten inert gas (TIG) and metal inert gas (MIG) hybrid
welding of Mg alloy to steel using Cu interlayer (Ding et al., 2018). The joint cross-
section comprises three distinct zones: partial melting zone, complete melting zone and
remaining zone. The highest strength of AZ31 and steel joint was 57 MPa and 84 MPa,

respectively, using 0.02 mm and 0.1 mm Cu interlayers, which means tensile strength

increased by 47%.
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Figure 2.11: (a) Schematic of hybrid welding using interlayer (b) joint cross-
sectional view with 0.1 mm thickness interlayer (Ding et al., 2018)

In another study, the laser-TIG hybrid welding technique effectively joined Mg alloys
and Zn coated steel, Figure 2.12. The coating of the Zn layer might inhibit oxide
formation at Mg and steel faying surfaces. The AlsMn IMC is developed next to the Fes Al
IMC (Tan et al., 2017). With laser power of 1800 W, the highest tensile strength achieved

was 68 MPa.

Figure 2.12: (a) Schematic of laser-TIG hybrid welding technique (b) cross-
sectional view (¢) SEM image at 1200 W (d,e) TEM images indicating IMCs (f)
tensile-shear strength at different laser power (Tan et al., 2017)

Joining was carried out with laser-T1G hybrid welding using different interlayers such

as Cu, Ni and Zn-Cu to eliminate the formation of oxides at the Mg alloy and steel
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interface. The strength of a welded joint with an interlayer was higher than that of a joint
without an interlayer one. The concept of interlayer choices should promote wettability
while preventing the significant development of brittle IMC at the joint interface. Figure
2.13 depicts various joints formed by interlayers. Adjacent to the steel side, Ni-Fe solid
solutions were developed, and IMC Mg>Ni IMC was formed adjacent to the Mg side
using a Ni interlayer. In Cu interlayer addition joint, rod-like Mg>Cu IMC was reported
by the researcher. The magnesium side interface depicts a dendritic shape Mg>Sn IMC

while joining with the Sn interlayer (Liu et al., 2016).

Figure 2.13: (a) Schematic arrangement of hybrid welding (b) shear strength
with different interlayer (c-f) microstructure of joints with no interlayer, Cu
interlayer, Ni interlayer and Zn-Cu interlayer (Liu et al., 2016)

The Nickel interlayer was used to join AZ31 alloy and steel in butt configuration
with variable plate thickness, as shown in Figure 2.14 (Song et al., 2018). To melt
down the nickel interlayer, which needed more significant heat input than other types of
the interlayer, laser-TIG double-side hybrid welding was used. The fusion zone yielded

fine particles of AINi distributed uniformly, which sought to increase weld strength. A 0.1

mm offset towards steel gave 232 MPa tensile strength. Al-Mg, Ni-Mn-Fe IMC with 150
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nm thickness and Fe-Ni IMC with a thickness of 60—500 um were found between the

weldment and the base steel.

Figure 2.14: (a) Double-side Laser-TIG hybrid welding (b) joint cross-sectional
view (¢) HR-TEM image near interface (d) TEM-EDS mapping from zone marked
in (¢) (Song et al., 2018)

Laser-TIG hybrid welding of Mg alloy and steel in butt configuration was performed
with AZ61 filler. As seen in Figure 2.15, an IMC rich in Al and Mn elements forms at the

joint interface. The characteristics and fracture behaviour of the joint were influenced by

the microstructural features of the Mg alloy and steel interface and the IMC thickness

(Song et al., 2018).
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Figure 2.15: (a) Schematic of welding arrangement with AZ61 filler (b) cross-
sectional view of joint (¢) STEM imaging at interface depicting scheme for
elemental mapping (d) TEM-EDS mapping at the interface (e) fractured specimen
(Song et al., 2018)

2.2.2.4 Resistance spot welding (RSW)

A joint is formed in RSW under a specific current and pressure. The materials are
fused when resistive heat is produced and transferred to the workpieces. RSW
successfully joined AZ31B and steel workpiece, as presented in Figure 2.16. researchers
found that a Fe>Als coated interlayer with nanoscale thickness attached well enough with
steel and magnesium lattices might be assisted in obtaining a good joint. Furthermore,
they discovered that an IMC was not the only indicator of good magnesium and steel

joint. The weld shear strength of an AZ31 and steel joint with a Fes;Al IMC was more

potent than that of a pure magnesium and steel joint (Lei et al., 2017; Liu et al., 2018).
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Figure 2.16: (a) Schematic representation of RSW (b) weld-cross sectional and
fractured surface macrograph (c) FezAls IMC at interface (d) lattice space of
Fe2Als and Mg side (e) FesAl IMC formation (f) SAED in inset (Lei et al., 2017; Liu
etal., 2018)

Resistance element welding (REW) was also used to join magnesium and steel
materials. Only one nugget appeared in the AZ31 alloy that exhibited a welding-brazing
nature for the Mg alloy and steel bond, as illustrated in Figure 2.17 (a). As shown in
Figure 2.17 (b), two nuggets were developed during REW: one near the steel rivet and
steel workpiece contact and another near the magnesium and steel rivet in the magnesium

alloy. The REW joints had a shear strength of 3.71 kN, which was greater than the RSW,

which exhibited 2.23 kN (Manladan et al., 2017).
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Figure 2.17: (a) Schematic illustration of conventional RSW (b) Schematic
illustration of REW (c,d) cross-sectional view of RSW and REW with B,C,D,E
denotes different location of welding cross-sections (Manladan et al., 2017)

In another experimental work, RSW was effectively used to join magnesium alloy and
galvanised steel. It can be observed from Figure 2.18 that the fatigue behaviour of the

magnesium/steel joint was nearly identical to that of magnesium similar joint (Liu et al.,

2017).

Figure 2.18: (a) Fatigue fractured surface at maximum load (b) fatigue
characteristic (Liu et al., 2017)
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2.2.3  Solid-state joining
2.2.3.1 Diffusion bonding

Diffusion bonding is a solid-state joining method for similar, dissimilar, and
immiscible materials such as magnesium and steel. The lap joint configuration is
commonly used in magnesium and steel diffusion welding. The process consists of
sealing the work material at an elevated temperature and pressure for an extended
period to achieve diffusion at the atomic level in the material. The approach of
introducing interlayers can be employed to develop a sound bonding of dissimilar
materials with limited solubility in each other. The feature of this joining procedure is
that the joining temperature is minimal, allowing materials to be joined without affecting
the base materials' characteristics. Because of their metallurgical affinity with magnesium
and iron, nickel and copper was chosen as the significant interlayer to bond magnesium

alloy and steel.

The microstructural characterisation of diffusion bonded stainless steel to AZ31 was
examined using a Ni interlayer. Figure 2.19 depicts the influence of bonding periods on
joint microstructural development. A strength of 46 MPa was attained at 510°C with a
20-minute bonding period which was the highest among all bonding periods. The double-
stage diffusion bonding of steel and AZ31 was used to enhance the bonding strength
further. Due to the Ni interlayer with the double-stage bonding method, the joint strength

improved to 54 MPa (Elthalabawy & Khan, 2015b).
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Figure 2.19: SEM images of joint at 510 °C with various bonding periods (a) 3
minutes (b) 5 minutes (¢) 10 minutes (d) 20 minutes (e) 30 minutes (f) double-stage
diffusion bonding with 20 minutes (Elthalabawy & Khan, 2015b)

Diffusion bonding was used to investigate the properties of magnesium alloy and steel
joint with a copper interlayer. The bonding time effect at 530 °C temperature was

investigated in terms of bonding strength. At 530°C and 20 minutes, the highest strength

of 57 MPa was achieved, Figure 2.20 (Elthalabawy & Khan, 2015a).

Figure 2.20: SEM images of joint at 510 °C with various bonding periods (a) 5
minutes (b) 15 minutes (c) 30 minutes (Elthalabawy & Khan, 2015a)
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2.2.3.2 Ultrasonic spot welding (USW)

Figure 2.21 depicts the impact of various coatings on the joint characteristics of
ultrasonic spot-welded magnesium and steel. The bonding strength of USWed
magnesium alloy to steel without any interlayer was found to be low. The IMC for
magnesium alloy with steel using an Sn interlayer joint was made up of Mg>Sn. Mg7Zn3
and Mg>Zn11 IMCs were found in the magnesium alloy and zinc-coated steel joint
interface. Magnesium alloy and Sn-coated steel joint strength were found to be maximum

compared to other welding conditions (Patel et al., 2015).

Figure 2.21: SEM images of AZ31 and steel joint (a) without interlayer (b) Zinc
interlayer (c¢) Sn interlayer (Patel et al., 2015)

23 Friction stir welding (FSW) - an innovative solid-state welding technique for
immiscible magnesium alloy and steel
23.1 Fundamentals of FSW
Friction Stir Welding (FSW), which is considered a solid-state welding process,
was invented at “The Welding Institute Ltd.” in the United Kingdom and was initially
applied to aluminium alloys. In FSW, a non-consumable rotating tool generates frictional

heat between the tool and the workpiece material, which induces severe plastic
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deformation of the metal interface, resulting in mixing the workpiece materials welding
path with many advantages over conventional joining methods for producing joint
(Lohwasser & Chen, 2010; Yi et al., 2016). The basic schematic of the FSW process is

shown in Figure 2.22 (Mishra & Ma, 2005a).

Figure 2.22: Basic schematic of the friction stir welding process (Mishra & Ma,
2005b)

As shown in Figure 2.23, the joint of FSW is divided into three distinct zones: (a)
the stirred zone (SZ) or nugget zone at which severe plastic deformation takes place, (b)
the thermo-mechanically affected zone (TMAZ), which is found between heat-affected
zone and stirred zone, and (¢) heat-affected zone (HAZ), which experienced thermal cycle
because of welding process (Lohwasser & Chen, 2010; Wang et al., 2015; Weng et al.,
2020; Zolghadr et al., 2019). Heat due to friction and plastic deformation in SZ leads to
fine recrystallised microstructure, while TMAZ shows elongated grains (Imam et al.,

2017; Zolghadr et al., 2019).

Figure 2.23: Macrograph of the weld zone (Raja et al., 2020)
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After this, the area of FSW research broadened, and their excellent performance
either in the joining of similar material or dissimilar material was documented (Ahmad et
al., 2019; Buchibabu et al., 2017; Imam et al., 2017; Kii¢iikomeroglu et al., 2018;
Patterson et al., 2016) and successfully used in various industries, including railway,
automobile, defence, aerospace and renewable energy, as shown in Figure 2.24

(Magalhaes et al., 2018; Meng et al., 2021).

Figure 2.24: Application of FSW in various industries (Meng et al., 2021)
23.2 FSW affected zones
In order to better describe the microstructure that forms after the FSW process, The
Welding Institute has developed schemes that divide the cross-section into various areas
based on how heat affects them. The scheme is accepted by the Friction Stir Welding

Licensees Association (Sattari et al., 2012). Figure 2.25 below shows the four zones.
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Figure 2.25: FSW weld zones
Unaffected Zone: This region is furthest from the weld centre and is not
affected by the generated heat and thermal cycle. The mechanical property
remains unchanged from the base/parent material in these regions.
Heat Affected Zone (HAZ): Closer to the weld zone, this region
experiences a thermal cycle, and the mechanical properties are altered.
However, it does not experience any plastic deformation.
Thermo Mechanically Affected Zone (TMAZ): In this region, the
material experiences plastic deformation and its mechanical properties and
microstructure change.
Stir Zone: This part of the TMAZ experiences recrystallisation and the
grain size that forms is said to be ten times smaller than that of the base

material (McClure, 1998).

FSW of magnesium alloy and steel

As discussed in 2.1, the joining is complex due to the large miscibility gap between
Mg and steel, lacking essential IMC formation. However, joining Mg alloy and steel can
be possible by using alloying elements of base Mg alloy and steel to make IMC (Fu et al.,
2022; Thomas et al., 2022). But this affects the base material properties. One possible

solution is applying an interlayer, which is miscible with Mg and Fe between workpieces.
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The Zn metal particle as a reinforcing agent is vital in achieving successful FSWed
joints in most Mg/steel (Chen et al., 2015; Liu et al., 2017; Shen et al., 2016a; Xu et al.,
2018). Zn coating is used to eliminate the oxide layer and pinch the new Zn phase to the
surface, enhancing the weldability of Mg/steel. AM60 magnesium alloy with galvanised
DP600 steel friction stir spot welding (FSSW) joints with a maximum shear load of 2.9
kN was obtained by optimising the welding parameters to achieve improved Mg/steel
FSW joints (Liyanage et al., 2009). The Zn-coated DP600 steel and ZEK 100 magnesium
alloy were welded using refill FSSW, achieving a shear load 0of 4.7 kN (Chen et al., 2015).
The joints between AZ31B and galvanised mild steel were welded using friction stir

keyhole spot welding to achieve a maximum strength of 8.7 kN (Zhang et al., 2014).

Figure 2.26 depicts a typical FSLW between AZ31 and steel with the mechanical

interlocking of steel fragments into the magnesium side (Jana et al., 2015).

Figure 2.26: (a) Schematic of FSLW between Mg/Steel (b,c) cross-sectional view
of mechanical interlocking (Jana et al., 2015)

The Friction-stir Assisted Scribe Technique (FAST) employs a regular FSW tool with
a sharp scribe offsetting the welding tool probe, as shown in Figure 2.27. The scribe's
hooks mechanically interlocked magnesium alloy and steel, which appears in enhanced
strength. The joint interface consists of the eutectic layer of Mg-Zn with the FAST

welding technique between Mg alloy and steel (Wang et al., 2020).
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Figure 2.27: (a) Schematic diagram of FAST with Zn-coating (b) schematic
diagram of FAST without coating (c) mechanical interlocking and IMC formation
at the interface (Wang et al., 2020)

FSW procedure was used to weld a magnesium/steel butt joint. The study reported the
influence of the Al content of Mg alloys on the mechanical properties of steel/magnesium
butt joints using FSW (Kasai et al.,, 2015a). From Figure 2.28, it is clear that the
AZ61/steel butt joint exhibited the highest tensile strength. The greater the Al content
(pure Mg, AZ31, and AZ61 Mg alloys), the stronger the joint's tensile strength. Al
elements are critical in bonding dissimilar metals such as Mg and steel (Joo, 2013). The
Fe-Al IMC (Fe;Als) layer formed at the magnesium/steel interface and was
predominantly detected in AZ series magnesium alloy/steel joints. Additionally, the

thickness of the interface layer has a significant impact on the strength of joints. The

thinner the interface sheet, the stronger the joint.
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Figure 2.28: Effect of aluminium content on strength (Kasai et al., 2015a)

However, with joint cross-sectional surface EDS mapping and spot analysis, an Al
depletion region near the interface was generated compared to the base magnesium alloy's
Al content. Al in magnesium is thought to have been absorbed during the formation of
the FeAl IMC (Kasai et al., 2015a). Further, Figure 2.29 illustrates STEM and mappings
at the cross section's interface. Al content in Mg near the interface depleted. The
aluminium reduction was severe due to the thicker IMC layer formed under the conditions
of increased heat intake. This study shows that it is critical to control Al depletion and
form a thin IMC at the interface to achieve strong steel/magnesium joints. From the above
findings, one can conclude that by adding Al metal as reinforcement, somehow, Al

content in parent material can be controlled.
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Figure 2.29: STEM image and mappings at the cross section's interface with
varying process parameters (Kasai et al., 2015a)

In another study of FSW of Mg alloy and steel, defects are formed with different
parameters. There were two modes of defect formation. Lack of fill defects occurs with
low rotational speed and high tool traverse speed, whereas galling defects form when high
heat input is provided during welding due to increased tool rotational speed, as shown in

Figure 2.30 (Wang et al., 2019).

Figure 2.30: (a) Welding parameters of AZ31 and SS316 steel (b) welding
parameters of WE43 and SS316 steel (c,d) corresponding defects under varying
process parameters window (Wang et al., 2019)
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Mechanical interlocking phenomena were also observed in the FSW of AZ31 and
Q235 steel (Meng et al., 2021). Workpiece material was joined by a truncated cone probe.
The purpose of the truncated cone was to increase stirring action for sound joint
formation. The probe of the tool with a specific shape increased the flowability of steel
to form steel-strip into magnesium side, as shown in Figure 2.31. Fe-Al IMC formed,

which could also enhance joint properties apart from mechanical interlocking.

Figure 2.31: Schematic of FSW with truncated cone shape tool and
corresponding macrograph depicting steel strip into magnesium side (Meng et al.,
2021)

2.3.3.1 Operating paramters of FSW of Mg and steel

The main FSW operating conditions are the tool rotational and welding speeds, the
tool's tilt angle, and the tool offset. Various researchers have examined the effect of these
parameters on the FSW of Steel and Mg alloys to achieve a defect-free and proper weld

consistency. Table 2.2 summarises the main effects of this series of operating parameters

on dissimilar FSW (Chen & Nakata, 2009; ESAB, 2009).
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Table 2.2: Major FSW operating constraint (Chen & Nakata, 2009; ESAB, 2009)

Parameters Noteworthy effects

Tool rotational speed frictional heat generator, mixing of
work-material

Welding speed Assist in deformed material smooth
flow and heat control
Tool tilting angle Extrusion and forging action
Offset of tool Assist in the distribution of thermal
stresses optimally for dissimilar
welding

(a) Effects of tool welding speed on magnesium-steel FSW process

Tool welding speed (WS) means the rate at which welding tool advances along with
workpiece material faying surface. Choosing WS is also challenging, as it directly affects
the microstructural behaviour when joining magnesium alloy and steel with FSW
(Ramachandran et al., 2015). Any changes in WS during FSW have an uncertain effect
on joint properties (Sakthivel et al., 2009). The welding speed is typically determined by
several variables, including the form of joint (e.g. butt or lap joint), the tool rotational
speed, the plunging depth, and the material composition of the workpiece (Prasad et al.,

2018; Shen et al., 2016b).

Any decrease in tool traverse speed while maintaining constant tool rotational speed
or an increased tool rotational speed while maintaining constant tool traverse speed has
the same effect on weld efficiency. Thus, it is recommended to choose the optimal
traverse and rotatory speed combination to preserve the optimal heat supply, joint
performance, and formation of IMCs in the FSW of Steel-Mg alloys (Alireza et al., 2017;
Coelho et al., 2012; Zhang et al., 2014). During FSW, heat generation is inversely
proportional to the traverse motion of the tool. The rapid tool traverse motion results in

insufficient heat generation, which results in incomplete weldments. While, at a relatively
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high welding speed, less heat is produced, which results in improper intermixing of weld

materials and the creation of void defects (Sharma et al., 2017; Zhang et al., 2014).

Insufficient deformed material flow occurs at a higher tool linear speed, resulting in
the forming of cavities such as tunnelling defects at the interface of the weld joint. By
decreasing the tool traverse speed, the temperature of the weld interface increases, which
leads to reduce in thermal stress, improved material flowability and reduced cavity defect

formation (Kim et al., 2006; Zhang et al., 2014).

(b) Effects of tool rotational speed on FSW of Steel-Mg alloys

Tool rotational speed is one of the essential decisive parameters in assessing the joint
quality of weldment. When FSW of dissimilar materials is performed at a high tool
rotational speed, the thermal energy generated is enormous, and the joint interface area is
increased proportionately (Liyanage et al., 2009). The tool rotational speed should be
optimised since lower speed results in less generation of heat and inadequate intermixing
of deformed materials in Steel-Mg alloys in the FSW (Watanabe et al., 2006). If the FSW
tool's rotational speed is less than 900 rpm, micro-holes will form due to a lack of heat

input and insufficient material filling (Singarapu et al., 2015).

However, high tool rotational speed results in immense stirring and forging of metals.
This results in a large number of metal particles (steel) fragmented from the steel plate,
which is unable to distribute uniformly in the weld nugget. As a result, weak bonding and
the detection of defects such as cracks and voids in the welding zone (Bisadi et al., 2013;

Esmaeili et al., 2011; Schneider et al., 2011).

Thus, it is essential to select the optimum tool rotational speed in FSW of Steel-Mg

alloys since both incredibly low and high rotational speeds degrade the microstructure
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and mechanical properties of the weldment (Bisadi et al., 2013; Liyanage et al., 2009;

Schneider et al., 2011).

(c) Tool tilt or inclination angle

The tilt or inclination angle of a tool is described as the tool's relative location in
relation to the workpiece surface position. Zero (0°) or no tilt angle denotes the tool's
perpendicular positioning to the workpiece location (Tolephih et al., 2013). FSW of
magnesium alloy and steel with a 1.5°-3° tool tilt angle produces greater strength and
microstructural bonding than with no or 0° tool tilt angle. Since a higher tool tilt angle
produces a greater perpendicular axial force, which facilitates the flow of steel fragments
through the magnesium metal matrix, contrary to the perception that FSW with a 0° tool
tilt angle results in worn-out tool pin and shoulder (Chen & Nakata, 2009; Shah &

Badheka, 2016; Zhang et al., 2014; Zhao et al., 2018).

(d) Tool offset

The tool offset is defined as the FSW tool moving away from the joint's centre line
toward either of the base plate's sides or, in other words, when the distance between
adjoining edges to the tool axis line changes. When the welding tool is precisely

positioned over the weld centre line, no or negligible pin eccentricity occurs.

The eccentricity of the pin toward the lower thermal conductivity or weaker work
material resulted in a sound and defect-free joint. For FSW of Steel-Mg alloys, a pin
eccentricity of 1-2 mm was recommended to ensure high-quality welding (Kasai et al.,

2015a; Mishra & Ma, 2005b; Zhao et al., 2018).

24 Friction stir alloying (FSA)
Insert filler materials as second phase reinforcement additives used for miscible and

immiscible materials welding have received much attention. Many researchers used
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additives during FSW to study material flow or enhance joint mechanical characteristics
(Ibrahim et al., 2016; Muhamad et al., 2021). Friction stir alloying (FSA), which is based
on the concepts of friction stir welding, has gained a lot of traction as a surface
modification and fabrication of alloyed joints (Sharma et al., 2020). FSA is a very
effective approach for fabricating metal-matrix nanocomposites, fine-grained metals,
homogenising powder metallurgy processed and cast materials, and composite joints
using second phase additive. Apart from thermal exposures and mixing, the FSA tool
stirring combined with the extrusion of base materials results in a substantial
microstructural modification that happens during the FSA process owing to applying
severe plastic deformation to the material (Moiduddin et al., 2021; Shukla et al., 2020).
24.1 Nanomaterials additives in friction stir alloying

In recent years, researchers have been utilising the fabrication of MMC by the FSP
method to develop MMC welded joints owing to the excellent properties by adding
various additives at abutting edges of plates in the FSA process. The first research used
SiC particles as additive particles during the FSA of copper plates in the butt joint
configuration (Sun & Fujii, 2011). Researchers observed that the microhardness of the
FSA joint was considerably enhanced using SiC reinforcement as compared to without
reinforcement. Researchers investigated the effect of SiC nanoparticle reinforcing in the
FSA of AA7075-O (Bahrami et al., 2014; Bahrami et al., 2015; Helmi et al., 2014). They
reported remarkably improved tensile strength, fatigue life and toughness of joints.
Karthikeyan and Mahadevan (2015) examined the SiC particle reinforced FSA of
AAG6351 alloy. They reported that growth in grain boundary was hindered because the
pinning effect of SiC led to enhanced tensile properties. Recently apart from using SiC
particles, researchers are also examined nanoparticles such as metal powder, B4C, and

AL O3 as reinforcement in the FSA process (Abioye et al., 2019; Singh et al., 2016).
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The size of the reinforcement particle is very crucial in deciding the properties of
MMC; therefore, their particle size affects the joint properties most significantly (Balog
et al., 2014; Poletti et al., 2011). Researchers examined the effect of reinforced particle
size in FSA. They used three different Al particle sizes, 9 um, 63 um and 250 pum, as
reinforcement. They found that by increasing particle size, tensile strength and hardness
decrease. The best result came with the lowest particle size reinforcement (Nosko et al.,
2019). Also, researchers investigated the FSA of the AA6092/SiC composite plate. At
three different tool rotational speeds, 1000 rpm, 1500 rpm, and 2000 rpm, they got
different nugget zone particle sizes. They found that at 1500 rpm higher amount of fine
particle size is present in the nugget zone, which subsequently leads to higher tensile
strength, elongation and ductile mode fracture (Acharya et al., 2019). Nowadays,
researchers are focusing on reinforcement FSW using nanoparticles as a reinforcing
agent. Researchers reported a study on FSA using copper metal nanoparticles (Rezaee et
al.,2018), TiO2 nanoparticles (Pouriamanesh et al., 2019), TiC nanoparticles

(Dragatogiannis et al., 2016) and CNT (Zhao et al., 2017) as an additive material.

2.4.1.1 Types of nanomaterials additives and their effect on joints properties

A variety of reinforcement additives has been used in FSA as reinforcing materials to
achieve metal matrix composite joints (Abioye et al., 2019; Inada et al., 2010; Nosko et
al., 2019; Singh et al., 2016). Reinforcement particles initial size is a decisive parameter
to the properties of metal matrix composite (MMC), an additional benefit to the
strengthening mechanism when an incoherent reinforcement/matrix interface is
accomplished altogether with an excellent distribution of reinforcing particles (Balog et
al., 2015, 2014, 2011). Due to this incoherency, load-bearing capacity can be increased
between the reinforcing agent and matrix in the composite structure (Kurmanaeva et al.,
2015; Lavernia et al., 2008). According to the Zener pinning effect, in the presence of

nanomaterials additive reinforcement particles, the grain boundary movement, which is
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migrating because of the growth of grain and recrystallisation, may be pinned by
reinforcement particles. The grain size limitation through the Zener limit, R(lim) is

expressed in equation (2.1) below (Phaneesh et al., 2012; Rohrer, 2010).

R(lim) === 2.1)

Where r and f are the mean radii and volume fraction of pinning particles, respectively,
according to equation (2.1), the refinement of grain by reinforcement particles improves
with the increase in particle volume fraction and decrease in size of the particle—the

schematic of reinforcement particles pinning is represented in Figure 2.32.

Figure 2.32: Grain growth pinning by reinforcement particles (Sharma et al.,
2015)

Researchers investigated the effect of micro and nano silicon carbide (SiC)
reinforcement on the properties of dissimilar FSW between AA6061 and AA2024. They
found that the nano SiC reinforced nugget zone’s grain size has decreased more than that
of the micro SiC reinforced weld nugget zone’s grain size during the FSW process.
Further, tensile strength and toughness improved in nano SiC reinforced joints as
compared to that micro SiC. They reported that due to the large particle area of the micro
SiC reinforcement, agglomeration of micro SiC was more visible than that of nano SiC

(Moradi et al., 2018). A similar conclusion has been drawn from alumina reinforced FSW
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of aluminium composite by using three different size reinforcement particles (Nosko et
al., 2019). This finding agrees with the Zener pinning effect, as mentioned in equation

@.1).

Commonly used nanoparticles reinforcement in FSW to make composite joints are
silicon carbide (SiC) (Tebyani & Dehghani, 2015), aluminium oxide or alumina (Al>O3)
(Derazkola & Khodabakhshi, 2020), titanium carbide (TiC) (Karakizis et al., 2018b),
titanium dioxide or titania (TiO2) (Mirjavadi et al., 2017) and carbon-based nanomaterial
like carbon nanotubes (CNTs) and graphene. The nanomaterials used as reinforcement in
FSW can be categorised into ceramic nanoparticle reinforcement and carbonaceous
nanomaterials reinforcement. Figure 2.33 illustrates the nanomaterials which were

already addressed in reinforcement FSW in research.

Figure 2.33: Nanoparticle reinforcement FSW: identification of the
nanomaterials addressed in research

Research in the domain of carbon was revamped by carbon nanotubes (CNTs) and
graphene discovery, which are also termed wonder materials (Geim & Novoselov, 2007;
lijima & Ichihashi, 1993). It has been soon noticed by researchers that graphene and
CNTs reinforce abilities across the globe. Thus, CNTs and graphene emerged as ideal

reinforcement for composite structures due to their intrinsic characteristics (planar
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geometry, high aspect ratio) and exceptional physical, mechanical, electrical and thermal

properties (Baig et al., 2018). Owing to these excellent properties study was conducted in

the field of FSP to make composites. Carbonaceous nanomaterial’s (CNTs and graphene)

large surface area accommodates its adequate interfacial bonding with the matrix of the

composite. A tremendous decline in the rate of wear has been observed during the

processing of Al-graphene composite through FSP (Maurya et al., 2016). Similarly, there

is a 15% increase in thermal conductivity by the FSP process observed (Jeon et al., 2014).

As well a 50% of hardness increment has been observed in the graphene reinforced

composite material (Khodabakhshi et al., 2018). Table 2.3 shows the significant

properties of CNTs and graphene.

Table 2.3: Properties of CNTs and graphene (Baig et al., 2018)

Properties

CNTs

Graphene

Physical Structure

Tube

Platelet

Available Types

Single or Multiple walls

Single or Multiple sheets

Dimensions (nm)

Single wall diameter = 1-2

nm

Single Sheets thickness ~1

Multiwall diameter = 4-20

Multiple sheets thickness

nm =(Approx.) ~no of sheets X 1 nm
Tensile Strength (GPa) 60-150 130410
Thermal Conductivity 3500 (4.8440.44)x10° to
(W/(mK)) (5.3040.48)x10°
Electrical Conductivity (S/m) 30004000 7200
Electron mobility (cm? /(V s)) ~10° 2.0 x 10*

Further research was conducted in owing to achieve better joint with carbon-based

nanomaterials reinforcement during the FSW process. An experiment was performed

using FSW on CNTs reinforced Al-Mg-Cu alloy composite plates (Zhao et al., 2017).

During FSW in the NZ, CNT tubular morphology was retained even with severe
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deformation. However, a reduction in the length of CNT was reported by authors from
about 150 nm to about 80 nm. The size of grain in the nugget zone is coarsened to about
400 nm. It is due to the combination of severe deformation and heat input, as earlier
researchers reported that composite CNT/Al grain size would remain stable when
subjected to annealing at 723 K (Lipecka et al., 2011). Eccentric weave FSW was
conducted on AA6061 T6 and Pure copper plates reinforced with graphene. Weave
welding is a form of Friction stir welding technique in which the tool is stirred
eccentrically in the weaving format. The tool path forms a sinusoidal pattern. With Pin
offset and weaving motion, proper dispersal of graphene particles has been observed and
an enhanced mechanical property reported by authors. Possible strengthening
mechanisms might be the diffusion of graphene nanoparticles at nano levels, which fortify
the yield strength of joints. According to the Hall-Petch relation, the reinforcement
particle’s grain size affects the mechanical strength of the joint. Hence the graphene

serves as filler in the voids (Jayabalakrishnan & Balasubramanian, 2018).

Apart from using the carbonaceous nanomaterial for reinforcing the metallic joint
produced by FSW, polymers also have been welded through FSW using carbon-based
nanomaterial as a reinforcing agent. Researchers reported dissimilar thermoplastic
friction stir welding between high-density polyethylene (HDPE) and acrylonitrile
butadiene styrene (ABS) reinforcing with multi-walled carbon nanotubes (MWCNTs). A
groove was fabricated with different widths, such as 0.2 mm, 0.3 mm and 0.4 mm, on the
ABS plate to accommodate different volume fractions of MWCNTs reinforcement. After
filling of MWCNTs into the groove of the ABS plate, the HDPE plate was placed at the
top surface of the ABS plate. Lastly, to provide submerged friction stir welding (SFSW)
system water tank was mounted on the plate. The joint reinforced with 1.5 volume per
cent of MWCNTs shows the highest value of the tensile strength, 14.7 MPa, improved up

to 65.3% compared with base HDPE. Apart from 1.5 volume per cent, tensile strength
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decreased in both 1.0 and 2.0 volume per cent of MWCNTs reinforced joints.
Furthermore, the tensile strength of MWCNTs reinforced joint with all volume content

exceeded that joint without MWCNTs (Gao et al., 2015).

Another application of carbon-based nanomaterial reinforced FSW, besides enhancing
joining strength, is to make Carbon nanotubes reinforced Al composite foam. The authors
fabricated a foamable precursor by mixing titanium hydride (TiHz) as blowing agent
powder and carbon nanotubes (CNTs) as reinforcement into 1.5 mm thick AA1080
aluminium sheets using the FSW route. Subsequently, the closed-cell Carbon nanotubes
and aluminium composite foams are obtained by placing the precursor in a furnace for
foaming. For this, three aluminium plates were stacked and clamped for the FSW process.
Before stacking, the TiH, and CNTs were distributed homogeneously into each AA1080
plate. An overlapping FSW with multi passes has been performed to mix segregated TiH»

and CNTs uniformly (Pang et al., 2019).

(a) Effect of carbon-based nanomaterials additive on microstructural characterisation

The fabrication of joint in nanomaterial additive reinforced FSA is a complicated
procedure involving thermomechanical actions among work material, tool and
reinforcing material. Microstructural characterisation of joints produced by FSA must be
analysed to examine the behaviour of nano-additive and base material with each other
during FSA. An overview of the microstructural is conveyed in this section. The

characterisation is mainly focused on the weldment’s different zone.

Carbonaceous nanomaterials, mainly graphene and CNTs extensively used as
reinforcing material in metal matrix composites due to their excellent inherent properties.
The use of carbonaceous nanomaterial in FSW as a reinforcement is also emerging
nowadays. Several initial studies reported on the use of carbon-based nanomaterial as a

potential reinforcing material. Montazerian et al. (2019) investigated dissimilar FSW
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between pure aluminium and pure copper with graphene reinforcement. It has been
observed that the addition of graphene nanoparticles enhances the mixing of copper and
aluminium in the stir zone. The hardness of graphene particles is high in comparison with
base metals, which causes the detachment of finer copper particles from the copper base
metal during the welding. The graphene nanoparticles and detached fine copper particles
inside the aluminium matrix are directed to the development of a layered structure due to
the rotating tool stirring action. The development of these layered structures increases the
actual interface between aluminium and copper. This layered structure makes an area
across the interface for the interdiffusion of Al and Cu atoms to extend. Furthermore, the
average grain size of the stir zone is not affected by the graphene addition. The reason
behind the almost similar grain size of stir zone with and without graphene is the
agglomeration of graphene at just one pass of FSW. These large graphene reinforcement
agglomerates cannot pin the grain boundaries, and thus they have no substantial effect on
the grain structures. However, an increase in the stirring time because the following
passes one after another reduces the size of the graphene reinforcement agglomerates and
enhances the proper distribution of the graphene particles. Graphene reinforcement
particles with submicron size may reduce the grain size by pinning into the grain

boundaries during the grain growth.

In addition to grain refinement, graphene can also serve as a welding defects inhibitor
effectively (Sharma et al., 2020). Authors experimented with FSW of AA6061 alloy in
lap configuration with a graphene interlayer as reinforcement. Various defects and
microstructure of different zones are represented in Figure 2.34 with GNP interlayer and

Figure 2.35 without GNP interlayer.
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Figure 2.34: (a) Macrostructure, (b—d) microstructural images with GNP
interlayer (Sharma et al., 2020)

Figure 2.35: (a) Macrostructure, (b and c) microstructural image without GNP
interlayer (Sharma et al., 2020)

Defects like cold lap defect (CLD) and hooking defect (HD) were visualised by
researchers. This CLD and HD imply that the effective plate thickness (EPT) is
inadequate and affects the shear strength of the joint negatively. They also reported the
joint with GNP interlayer as reinforcement for both CLD and HD height, significantly

reduced compared to the joint without GNP interlayer. The reason behind the reduction
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in the height of defects is as the probe of the tool reaches the interface, the GNP interlayer
at that place gets deformed and goes up from corners, as in the case of back extrusion
during forming of thin sheets. Because of the stirring of the probe, this deformed
interlayer gets fragmented and formed into GNP particles. Since a significant portion of
heat is generated by the tool shoulder in FSW, the portion of material gets heated up,
which is in contact with the shoulder and further loses its yield strength as compared to

material available at the interface or bottom of the workpiece.

Carbonaceous nanomaterials are not only successfully applied in metal welding but
also emerge as a potential reinforcement for the FSW of polymers. One such successful
use of MWCNTs as reinforcement in the FSW of HDPE and ABS is addressed (Gao et
al., 2015). They found joints produced without chipping and smooth on the advancing
side (AS), whereas white chipping and some flashes were found at the retreating side
(RS). The factor responsible for this difference is during FSW of polymer, a rotational
zone forms on the advancing side because of material rotation with the pin of the tool at
this side, while this is not happening on the retreating side. Additionally, the polymer’s
poor conduction of heat limited the heat transfer to the retreating side. FSW joints without
MWCNT reinforcement contained defects such as flashes, cracks and material chippings.
The difference in heat distribution between AS and RS cause poor material flow, and the
surface produced is non-uniform and defective. On the other hand, the joints with
MWCNT appeared smooth and well mixed. Because when MWCNT is applied between
HDPE and ABS, thermal conductivity inside the weld zone improves, and this
improvement in heat conduction promotes the forming property of the weld. Although at
a low volume of MWCNT, this improvement is not noticeable; the surface got better with

an increase in the content of MWCNT, as reported by the authors.
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(b) Effect of carbon-based nanomaterials additive on FSA joint properties
Reinforced FSWed specimen’s mechanical properties are influenced by several

factors, including interaction responses of base materials and nanoparticles with each

other under various process parameters, grain size, and dislocation density. According to

the Hall-Petch relationship, a reduction in the size of grain leads to the enhancement of

tensile strength (o, ). (Equation 2.2) (Sanaty & Zadeh, 2012).

1

o,=0,+kd > (2.2)

Where o, is the original strength of the material, & is the material constant and d is

the grain size of the material. In the unreinforced FSW process, grain refinement due to
dynamic crystallisation is responsible for the mechanical properties of joints. However,
in the particle reinforcement condition, additional parameters include the bonding
between matrix and reinforcements, which contributes to load transfer applied to the joint
(load-bearing effect), particle dispersion, dislocations due to thermal expansion
coefficient mismatch between reinforcement particle and matrix (Orowan strengthening)

also taken into consideration (Sanat & Zadeh, 2012; Sato et al., 2003).

One of the purposes of adding nanoparticles during FSW is to improve mechanical
properties like tensile strength, hardness, toughness, and fatigue. The mechanical
characterisation is one of the criteria onto which one can decide whether weld quality is
acceptable or not. It has been observed that nanoparticles can fulfil these requirements

when used as reinforcement during welding.

As mentioned in the previous section, owing to the excellent properties of
carbonaceous, mainly CNTs and graphene nanomaterials, it could be futuristic

reinforcement material on a large scale. In the current scenario, there is limited research
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conducted on carbon-based nanomaterials reinforcement, but results of available
literature indicate that in upcoming years it would be a better choice as reinforcing
material in the FSW process and other welding processes. The research was carried out
by using a graphene interlayer as reinforcement in the lap welding of AA6061 alloy (
Sharma et al., 2020). Researchers reported that there was an improvement in the failure
load from 14 N/mm in the joint without GNP reinforced interlayer to 31 N/mm in the
joint with GNP reinforced interlayer, which is about a 121% increase in the joint strength.
Additionally, elongation was also improved by 53%, from 0.45% in the joint without
GNP reinforcement to 2.83% in the joint with GNP reinforcement. It has been observed
that a significant yielding of material took place before failure under the loading with the
GNP interlayer specimen. Fine dimples depict a ductile mode of fracture along with the
insignificant amount of featureless region that is cleavage fractures. Fracture with the
mixed-mode at the different regions is because of GNP dispersion variation across the stir

zone.

There are possibly four strengthening mechanisms behind the improved mechanical
properties of joint reinforced with GNP, namely (a) coefficient of thermal expansion
(CTE) gap between aluminium matrix and GNPs, (b) Hall-Petch mechanism associated
with refined grain, (c) shear lag or load transfer mechanism and (d) Orowan mechanism.
According to the Zener-Holloman effect hindering grain growth results in the reduction
of grain size from 10.23 pm in joint without GNP reinforcement to 5.18 um in joint with
GNP. Thus, almost 50% reduction in the size of grain by using GNP as reinforcement.
There is a massive mismatch between the CTE of the matrix and reinforcement exist. This
mismatch results in punching of dislocation at the boundaries. Also, there is an increase
in the dislocation density in the aluminium matrix due to the consistent dispersion of
GNP. Moreover, due to this, piling up of dislocations at the matrix and GNP interface

improves joint strength further. These generated dislocations along AI-GNP boundaries
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are blocked by tiny-sized GNP particles according to the Orowan mechanism.
Consequently, there is a bending of these locations, which generates back stress and
further enhances the yield strength of weld zone material. Transfer of load between
aluminium and GNP was established along with the interface of the aluminium and GNP.
The load transfer is governed by bonding strength within the Al and GNP matrix. There
are two more mechanisms that may have helped in the strengthening of joint with
reinforcement of GNP;(a) Al,O3 formation prevention at the interface and (b) graphene

nanoplatelets delamination into a few layers.

As there is an increase in the use of CNT as reinforcement to make composites observe.
Their welding is challenging through the conventional process. However, researchers
successfully welded CNTs reinforced AA2009 alloy by the FSW process (Zhao et al.,
2017). The ultimate tensile strength (UTS) of the FSW joint strength of the CNT
reinforced specimen has been improved by 87% up to 550 MPa, from a base metal
strength of 630 MPa. However, lower ductility shows the direction of tension was
perpendicular to the carbon nanotubes alignment direction. The hardness of the welded
specimen with reinforcement shows a fluctuated manner with the lowest value of 175 HV
as compared with BM hardness, 208 HV. Coarsening of nugget zone grain which is
reported by authors, is probably the reason behind the decrease in hardness value.
Furthermore, the author observed that the orientation of CNT in NZ was random,
whereas, in BM, it was aligned. Since testing of microhardness acts as a micro
compression test and due to misalignment of CNT in the nugget zone, this fluctuation and
reduction of hardness observe. Similarly, researchers analysed the effect of per cent
volume MWCNT reinforcement on mechanical properties of FSWed AI/MWCNT
composite joints (Lee et al., 2018). They reported that MWCNT is dispersed well in the
aluminium matrix with retaining in its tubular structure. It has been observed that Al4Cs

with a length of 500 nm is produced due to bonding between decomposed MWCNT and
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Al matrix in small quantity. It has been found that with an increase in volume per cent of
MWCNTs, engineering stresses also increased. The mechanical properties of tensile
strength, yield strength and total elongation improved to 450 MPa, 400 MPa, and 13.9%
for the specimen with 3 volume per cent MWCNT from 323 MPa, 250 MPa, and 19.9%
for the specimen with 1 volume per cent MWCNT, respectively, due to transfer of load
efficiently of MWCNTs in the aluminium matrix. Weldability of the MWCNT reinforced
FSWed specimen was calculated as the ratio of tensile properties (tensile strength and
total elongation) of the weld to that of the base metal. Weldability based upon tensile
strength is found to be more than 80%, irrespective of plunging load and MWCNT per
cent content. Similarly, weldability based upon total elongation enhanced significantly

and achieved 236.7% for 600 kg plunging load and 3 volume percent of MWCNT.

Furthermore, lap joints hook defect is inevitable. The authors tried to enhance the
strength of the hook defect tip to improve overall joint efficiency. A lap joint of AA2014
aluminium alloy fabricated with graphene nanosheets (GNs) with a thickness of 50-100
nm by FSSW. The shear strength of the GN reinforced joint was found to be 5212 N, with
an improvement of 31% observed as compared to the shear strength of (3973 N).
unreinforced joint. Additionally, the joint fracture displacement is enhanced by about
20%. Thus, the area below the load-displacement curve is remarkably increased, which
signifies joint toughness. It has been illustrated that graphene nanosheets played an
essential role in deciding the aluminium matrix strength. The strain hardening
strengthening mechanism contributes to enhanced shear strength. Furthermore, crack
bridging and crack defection are mechanisms accountable for the increased toughness of
reinforced joints. Crack bridging enhances the essential resistance to microstructure
deterioration and fractures in front of the crack tip where it takes place. GNs

reinforcement bridge the elongated crack in the back of the crack tip. The crack defection
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mechanism aims to diminish the intensity of local stress experiences in the front or back

of the crack tip (Wang et al., 2020).

25 Method of nanoparticles deposition

The amount of reinforcing material in the weld nugget zone is a crucial factor in
determining the properties of the reinforced joint. Researchers applied various methods
for the deposition of nanomaterial in the welding zone. In the initial stage of reinforced
FSW, researchers preferred the open groove method for applying nanoparticles in which
the adjoining side of the specimen was machined to allow a groove formation and
reinforcements were pressed into the groove tightly (Bahrami et al., 2014; Fallahi et al.,
2017; Paidar et al., 2018). However, during the FSW process, nanoparticles were
splattered from grooves due to the force generated during the process. This made an
inappropriate proportion of nanoparticles available inside the welding zone. To avoid this
spilling problem, some authors used a slurry of nanoparticles mixed with ethanol inside
the open groove and made nanoparticles manageable (Dragatogiannis et al., 2016;
Kartsonakis et al., 2016). In some experiments before welding, the open grooves were
subjected to a pinless tool to avoid expulsion of the nanoparticles out of the groove during
the friction stir welding process (Bodaghi & Dehghani, 2017; Karakizis et al., 2018a).
Apart from the conventional groove method, authors have developed various innovative
methods of nanoparticle deposition. Researchers developed the nano-particle deposition
system (NPDS) (Hong et al., 2017). Before FSSW, carbon was coated as reinforcement
on the surface of the Al6061-T4 alloy sheet (the upper sheet of the dissimilar lap joint)
using the NPDS system. In this system, graphite compressed air carried powder from the
powder feeder to the nozzle. A converging nozzle has been used between the nozzle inlet
and outlet to accelerate the powders. This accelerated powder fed into the deposition
chamber at room temperature. Then there was an impact made between accelerated

graphite and the surface of the aluminium 6061-T4 alloy sheet for deposition. The mixing
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of graphite into the metal matrix during FSSW with NPDS has been confirmed by Raman
Spectrum analysis. Researchers used the FSP process to seal the SiC nanoparticles. For
this purpose, a groove was machined on the AZ31 faying surface. FSP method using a
pinless tool and with three passes has been carried out to seal the groove to avoid the
nanoparticles splashing out during FSW, as shown in Figure 2.36 (Abdollahzadeh et al.,

2019).

Figure 2.36: FSA processes image (Abdollahzadeh et al., 2019)

The dispersal of nanoparticles on the AZ31 faying surface can be seen in Figure 2.37,
with different passes. We can see that with one pass, SiC particles agglomerated around
the initial groove. With two passes FSP, the initial groove has vanished, and the extent of
agglomerated particles low than the previous single pass. Whereas uniform dispersal of
SiC is observed after three FSP passes. EDS peak verifies the occurrence of SiC rich zone.
This enhanced dispersal of nanoparticles is because of particle separation during every

pass from agglomerated clusters.
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Figure 2.37: FESEM images of the faying surface of Mg with friction stir
processed: (a) one pass, (b) two passes, (c) three passes, (d) EDS peaks of point D
denoted in (a) (Abdollahzadeh et al., 2019)
In another innovative method of deposition, Singh et al. (2020) incorporated

reinforcement nanoparticles into cylindrical 30 holes, with a diameter of 1.5 mm and

depth of 3 mm drilled at the faying edges of the base material, Figure 2.38.

Figure 2.38: Schematic of nanoparticles deposition (Singh et al., 2020)
Furthermore, an innovative groove has been designed by authors in such a way that
the reinforcing particles are fully sealed between the specimens to ensure that there is no
reinforcing nanopowder expulsion during the welding process. In this groove design, a
groove with 1.5 mm depth in Mg plate and a raised height of 1 mm in Al plate have been

created, which are illustrated in Figure 2.39 (a). Lastly, an embedded groove having 0.5
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mm depth is obtained between the plates when the locking of workpieces takes place,

according to Figure 2.39 (b) (Sharifi et al., 2019).

Figure 2.39: Novel groove design to embed nanoparticles: (a) initial workpieces
(b) after interlocking (Sharifi et al., 2019)

In carbon-based reinforcement, the method of deposition depends upon process
requirements. It may be in interlayer form, slurry form or powder form. In one such study
of graphene reinforced FSW, a graphene interlayer is prepared on the upper surface of
the bottom plate. Initially, 0.1 gm of GNP is ultrasonicated for 60 minutes in 20 mL
distilled water. The solution of 0.1 gm PVA in 20 mL distilled water is prepared
separately by using a magnetic stirrer at 80°C for 60 minutes. Both solutions are then
mixed and again stirred for another 60 minutes at 80°C. The interlayer is obtained by
dipping the substrate (5 mm thick) in the solution (dip-coating) and holding it inside for
60 seconds. At last, the PVA is removed by drying it in the vacuum oven at 80°C for 4

hours. Finally, a graphene interlayer has been obtained (Sharma et al., 2020). In another
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set of studies, according to process requirements, MWCNT was deposited in submerged
FSW. The groove was fabricated with different widths of 0.2 mm, 0.3 mm and 0.4 mm,
on the ABS plate to facilitate different volume fractions of MWCNT reinforcement. After
filling of MWCNTs into the groove of the ABS plate, the HDPE plate was placed at the
top surface of the ABS plate. Lastly, to provide submerged friction stir welding (SFSW)

system water tank was mounted on the plate, Figure 2.40 (Gao et al., 2015).

Figure 2.40: Schematic of the FSW thermoplastics joint with MWCNT
reinforcement (a) groove (b) workpieces arrangement (c) water supply (Gao et al.,
2015)

Figure 2.41 illustrates the common issues and possible solutions in immiscible

magnesium and steel joining.
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Figure 2.41: Issues and solution schematic of immiscible joining between
magnesium and steel

2.6 Summary

As per the principle of joining dissimilar metals, magnesium alloys will increasingly
be used in the car industry, alongside steel sheets for the primary body construction. Both
AZ31 and AZ61 magnesium alloys will account for a significant portion of magnesium
alloys used in future vehicle construction due to their adequate strength and lightweight
properties. Additionally, mild steel is chosen to benefit from its outstanding combination
of strength and cost-effectiveness in the current research. As a result, even though
compatible metals are selected following the principle of the optimal dissimilar material
joint, the issue of how to join dissimilar magnesium alloy and steel persists. The primary
problems with Mg/steel dissimilar metal joints are the significant melting point gap, the
absence of Mg-Fe IMCs, and the low solubility of solids in an Mg-Fe framework. Figure
2.41 illustrates the common issues and possible solutions in immiscible magnesium and

steel joining.

Friction stir welding successfully overcomes significant melting point differences
between magnesium and steel dissimilar metals and avoids welding flaws associated with
fusion welding. Even though friction stir welding (FSW) is used with optimised

parameters, the absence of favourable IMC layers at the interface of Mg—Fe dissimilar
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welds seriously affects the welds' mechanical properties. Furthermore, change in base
material elemental composition, as reported by researchers, further affect the joint
properties. An efficient approach is to facilitate IMC forming at the weld interface to
achieve better joint properties from a metallurgical viewpoint. Two potential approaches

can be adopted to achieve this goal.

a) Firstly, second-phase metal particles can be used at the interface of Mg-Fe too,
which is miscible with both Mg and Fe. So an IMC can be formed with
acceptable joint properties.

b) Secondly, the application of promising nanomaterials at the interface of base

materials enhances the joint strength further.

Carbon-based nanomaterials such as CNT and graphene can improve mechanical
properties like tensile strength, hardness, toughness, and fatigue. The mechanical
characterisation is one of the criteria onto which one can decide whether weld quality is
acceptable or not. It has been observed that carbon-based nanoparticles can fulfil these
requirements when used as reinforcement during welding. Several methods have been
developed for the dispersion of reinforcing particles at the joint interface. Methods
developed are impractical in terms of industrial use. A proper strategy should be

developed for the uniform dispersion of reinforcing nano additive material.

So far, research carried out on FSW of Mg alloy and steel with butt joint configuration
is limited. Also, the effect of aluminium particles with and without CNT as reinforcing
material is not reported in dissimilar FSW of AZ series magnesium alloy and steel despite
potential application in transport industries. The friction stir alloying technique, which is
the “FSW process with the additive”, can be employed to achieve both IMC formation

and nanomaterials interaction during the immiscible joining process.
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CHAPTER 3: MATERIALS AND METHODOLOGIES
3.1 Introduction
This chapter describes the materials utilised and the methods adopted to achieve the
objectives. This research used the FSA technique to join immiscible AZ31 and AZ61 with
mild steel using different additive materials. Additive materials were selected based on
the miscibility of both workpiece materials. In the following section, details from
materials and related methods will be described. Figure 3.1 illustrates the flow chart of

the experimental work followed.

Figure 3.1: Flowchart of experimentation
3.2 Materials
3.2.1 Base workpiece materials
The commercial magnesium alloy of grade AZ31, AZ61 and low carbon steel was
used in this research. The low carbon steel commercial name is steel pickle hot-rolled coil

(SPHC) with JIS 3131 Japanese standard. Table 3.1 shows milled certified chemical
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composition obtained from a material supplier. The schematic of base materials with

dimensions is depicted in Figure 3.2.

Table 3.1: Elemental composition of base materials (weight %)

AZ31 AZ61 Mild steel
Magnesium, Mg Balance Balance -
Aluminium, Al 2.80 5.85 -
Zinc, Zn 0.60 0.65 -
Copper, Cu 0.050 0.025 -
Nickel, Ni 0.0050 0.001 -
Silicon, Si 0.10 0.05 0.01
Manganese, Mn 0.20 0.39 0.27
Carbon, C - - 0.05
Phosphorus, P - 0.13
Sulfur, S - 0.05
Iron, Fe - - Balance

Figure 3.2: Schematic of base material with dimension
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Table 3.2 shows the mechanical properties of the base material.

Table 3.2: Mechanical characteristics of magnesium alloy and mild steel

Materials Tensile strength (MPa) Elongation (%)
AZ31 240 6
AZo61 250 7

Mild steel 361 33

3.2.2 Magnesium and aluminium powder

Aluminium powder and magnesium (99.9% pure) were procured from ACROS
Organic. The average particle size (APS) range was 40 pm for aluminium and
magnesium. Figure 3.3 shows an SEM image of as-received magnesium and aluminium

powder.

Figure 3.3: SEM image of (a) Al powder (b) Mg powder
3.23  Carbon nanotubes nanomaterial
Multiwalled carbon nanotubes (MWCNT) (98% pure) were procured from
Nanostructured & Amorphous Materials. The outside diameter was in the range of 30-80
nm, and the inside diameter was 5-15 nm, as shown in Figure 3.4. The average length of
MWCNT was 10 pm. As-received CNT was refined using the acid functionalisation
method. The details of acid functionalisation and its analysis are discussed in the result

and discussion section.
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Figure 3.4: TEM image of carbon nanotubes
3.24 Polyethylene glycol (PEG)
Polyethylene glycol (PEG) is used to prepare the additive solution. PEG is
hydrophilic polymeric material as well as has the ability to burn out entirely. The
molecular weight of PEG used in the current study is 2000, and its melting point is 50 °C-

53 °C.

The basic idea behind using PEG to make the additive paste is illustrated in Figure 3.5.
It can be seen from Figure 3.4 that additive, either AI-CNT or Al-Mg, is mixed with PEG
and form semi-solid. This semi-solid additive helps smooth the injection of additive in
the FSA process. And due to the heat of the welding process, PEG decomposed from the
additive mixture and evaporated. This makes PEG aim only to keep additive in the gap

without scattering.
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Figure 3.5: Illustration of PEG mixing and decomposing with additives (a) Al-
Mg (b) AI-CNTs

Thermogravimetric analysis (TGA) analysis of PEG was performed to ensure
complete decomposition of PEG during the FSA process, as shown in Figure 3.6. As can

be seen from the TGA graph, PEG is completely decomposed at nearly 550 °C.

Figure 3.6: TGA analysis of PEG
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33 Preparation of additive

For the preparation of the Al-Mg additive, initially, the predetermined amount of metal
particles is ultrasonicated for hours in 10mL of ethanol. The ultrasonicated Al-Mg
particles were then subjected to magnetic stirring for a further 1 hr to obtain the proper

dispersion of both metal particles uniformly, as shown in Figure 3.7.

Figure 3.7: Steps for preparation of aluminium-magnesium additive

Similarly, the AI-CNT additive was also prepared. The steps followed in preparing the
AI-CNT additive are illustrated in Figure 3.8. First of all, a predetermined amount of
functionalised CNT is placed in the beaker. After that, it was ultrasonicated for 20
minutes. This particular timing is obtained from past studies for uniform distribution of
CNT and to break agglomeration (Baig et al., 2018; Lavagna et al., 2021). Once CNT
was dispersed in ethanol properly, Al powder with a predetermined amount was added
gradually. The solution of AI-CNT was then ultrasonicated for 10 minutes for proper
mixing. In the final step, a magnetic stir was used to increase the uniform dispersion of

Al-CNT in the solution.
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Figure 3.8: Steps for preparation of AI-CNT additive
The PEG solution was also prepared using 0.2 grams of PEG with 10 mL distilled
water for 1 hour at 80 °C. In the final stage, additives (Al-Mg and Al-CNT) were added
gradually and kept at magnetic stir for 30 minutes at 80 °C temperature. The schematic of

the final stage of the preparation of the additive is depicted in Figure 3.9.

Figure 3.9: Prepared additive solution for experimentation
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34 Friction stir alloying tool manufacturing process

The simplified FSA process tool design is shown below in Figure 3.10. There are two
primary features of interest, tool shoulder and pin. P4, Py and Sq stand for pin diameter,
pin height, and shoulder diameter, respectively. A critical correlation between the
shoulder diameter and pin diameter was observed for optimal results and stated that a

ratio of 3:1 should be used (Denquin et al., 2003).

Figure 3.10: Illustration of FSA tool
The shape of the tool is considered fairly simple hence manufacturing it in-house as
possible was done to save costs. A rod of tungsten carbide (length - 100 mm and diameter
— 12 mm) was purchased and cut into two equal-length pieces (50 mm each). Tungsten
carbide has very high hardness and is very abrasion resistant, hence its widespread use as
a cutting tool (and as an FSW tool), but due to these factors machining tungsten carbide

is challenging. The rod was cut to length using electric discharge machining (EDM).

After being cut to length, the tool was clamped onto the chuck of the rotary table. The
rotary table was placed on the bed of the surface grinder. The tool was slowly processed
according to the required dimensions with a diamond grinding wheel to achieve a pin

with a height of 1.3 mm, and a pin diameter of 4 mm, as shown in Figure 3.11.
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Figure 3.11: Processing of FSA tool

3.5 Friction stir alloying process experimental setup

Manford VL-610 vertical CNC milling machine was used for experimentation. The
router bed (machine part on which the workpiece is clamped) has t-slots. The slots were
measured as the fixture was designed to fit onto the base. The fixture base was placed on
the CNC bed, and their holes were aligned to allow the clamping screws to pass through.
The base was then held down with the screws and t-slot nuts. The plates were placed in
their designated space, and a gap of 0.2 mm thickness was created at the faying surface
of the workpiece plates. When needed, the additives were injected into the gap with a
syringe. The pneumatic clamp was used to clamp the workpiece. The advantage of the
pneumatic clamp over conventional nut and bolt arrangement is uniform pressure
distribution and ease to clamp-unclamp. Argon is used to protect welded zone and tools
from oxidation. It also helps to keep the tool cool after finishing each experiment. Figure

3.12 illustrates the experimental setup used in this study.
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Figure 3.12: Image of experimental setup

3.6 Friction stir alloying of AZ31 and mild steel with Al-Mg as an additive

The specimens for the FSA consist of a pair of metal workpieces of AZ31 Mg alloy
and mild steel, with each plate a length of 200, a width of 50 mm and a thickness of 1.5
mm. FSA was conducted using a tungsten carbide cylindrical tool with a shoulder
diameter of 12 mm and a non-threaded 1.3 mm probe diameter of 4 mm. The rotational
speed was kept constant at 500 RPM, and the traverse speeds were varied at 25, 50 and
100 mm/min. The zero offset is defined as the position where the probe plunges into the
AZ31 workpiece and its side just touching the butt face of mild steel. A plus (+) offset is
obtained as the position of the probe moves horizontally across the mild steel workpiece,
as illustrated in Figure 3.13. The tool offset was kept as 1 mm into steel in the current
study. The mild steel workpiece was kept at the advancing side and AZ31 at the retreating

side of the process.
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Figure 3.13: Schematic illustration of (a) FSA process (b) tool offset into steel

Before the welding process, the Mg-Al powder additive was injected into the gap

between AZ31 and mild steel, as shown in Figure 3.14. Table 3.3 lists the details of the

experiment, demonstrating the variations in the welding speeds and the weight per cent

(wt.%) of the metal composition selected for each experimental run.

Figure 3.14: Schematic for injection of additives into the gap

Table 3.3: Details of FSA experimental conditions for AZ31 and mild steel using
Al-Mg as an additive

FSA condition Value
Tool rotation (rpm) 500
Tool offset (mm) 0.5
Probe length (mm) 1.3
Probe intrusion depth (mm) 1.4
Welding speed (mm/min) 25, 50, 100
Material thickness (mm) 1.5
Powder type and percentage (wt.%) 6.0 Al and Mg (balance), 10.0 Al and
Mg (balance),
15.0 Al and Mg (balance)
Powder average diameter (um) 45
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3.7 Friction stir alloying of AZ61 and mild steel with AI-CNT as an additive

In the FSA of AZ61 and mild steel with AI-CNT additive, mild steel was kept at the
advancing side and AZ61 at the retreating side. A 1 mm offset into mild steel was
maintained during the FSA process. A tungsten carbide cylindrical tool with a non-
threaded probe was used for the FSA. The tool shoulder was 12 mm in diameter with a
1.3 mm tool probe in length. The probe diameter was 4 mm. The traverse speeds were
changed between 15, 30, and 50 mm/min, keeping the rotating speed constant at 1500
RPM. Prior to the FSA process, the AI-CNT was placed in the 0.2 mm gap between the AZ61
and mild steel plates. Table 3 summarises the process parameters, including welding speed
differences and the weight per cent (wt.%) of the CNT composition employed in
experimentation. The schematic of the experiment is similar to the AZ31 and mild steel
process and is illustrated in Figures 3.13 and 3.14.

Table 3.4: Details of FSA experimental conditions for AZ61 and mild steel using
Al-CNT as an additive

FSA condition Value
Tool rotation (rpm) 1500
Tool offset (mm) 1.0
Probe length (mm) 1.3
Probe intrusion depth (mm) 1.4
Welding speed (mm/min) 15, 30, 50
Material thickness (mm) 1.5
Additive type and percentage (wt.%) Aluminium with CNT 1%, 3% and
5%
Aluminium powder average diameter (um) 45
Diameter of CNT dimension (nm) 50-80
3.8 Microstructural characterization

Numerous characterisation methods were applied for the extensive analysis of
microstructures in this work. Optical microscope (OM), Scanning Electron

Microscope (SEM), energy dispersive spectroscopy (EDS), and transmission electron
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microscopy (TEM) were used to examine FSA processed samples. X-Ray Diffraction

(XRD) was also used to perform phase analysis on the samples.

3.8.1 Metallography

Samples were cut using a wire electrical discharge machining for metallographic
analysis. The samples were then prepared using standard metallographic procedures. The
samples were polished with various grades of emery paper (P800 - P5000) using the
polishing machine model Metapol-2 Rax Vision, as shown in Figure 3.15. After that,
alumina with 0.5 pm particle size was used to polish the using polishing cloth. De-ionized
water was used during the polishing process. After that, the samples were soaked in
ethanol. Finally, the polished samples were etched in a 5% Nital solution to unveil

morphology details.

Figure 3.15: Polishing machine
3.8.2 Optical microscopy
The optical microscopic view of samples was observed with Olympus (Origin- Tokyo,
Japan) optical microscope, as shown in Figure 3.16. The grains of samples were observed

using various magnifications.
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Figure 3.16: Optical microscope
3.8.3 Scanning electron microscope (SEM)
Figure 3.17 shows an SEM (Model: Hitachi, SU8030) used to characterise the
materials. To get the best image, the SEM voltage was changed from 5 to 15 keV. Images
of secondary electrons (SE) were captured in samples. The specimens' elements were

mapped using an energy dispersive spectrum (EDS).

Figure 3.17: Scanning electron microscope

72



3.84 Transmission electron microscopic (TEM)
3.8.4.1 Sample preparation
The thin lamella for transmission electron microscopic (TEM) was prepared using FEI

Helios Nanolab 650 dual focused ion beam (FIB) instrument, as shown in Figure 3.18.

Figure 3.18: Dual-focused ion beam machine for lamella preparation

Steps to prepare the thin lamella, less than 100 nm thickness, by using a dual-beam
for TEM analysis from the Mg/Fe interface are presented in Figure 3.19. Figure 3.19 (a)
shows the interface of Mg/Steel from which lamella is planned to extract. Figure 3.19 (b-
d) shows making trench all around the interface with ion beam bombardment. Using the
platinum welding technique, a needle was used to pick up the lamella from the trench
(Figure 3.19,e). After that, lamella was placed on a copper grid and welded to the copper
grid using a platinum tool was performed. The thickness of lamella for TEM analysis

after slicing was 100 nm.
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Figure 3.19: Lamella preparation using dual-beam from the interface of Mg/Fe
(a) Mg/Fe interface (b-d) digging of trench all around lamella (e) picking up of
lamella (f) lamella mounted on a copper grid
3.8.4.2 TEM analysis
TEM-EDS analysis was performed using FEI Tecnai G2 F20 TEM. The TEM machine
was equipped with EDX. TEM imaging was performed at 300 kV accelerating voltage.

EDX analysis was performed at different locations to know about elemental composition

at the nanoscale level. Figure 3.20 shows the TEM machine image.
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Figure 3.20: FEI Tecnai G2 F20 TEM for TEM imaging
3.85 X-ray diffraction analysis (XRD)
IMC phase identification was performed by XRD machine (Make- PANalytical
Empyrean), as shown in Figure 3.21. The diffraction angle range was from 20° to 80°.

Raw data was post-processed using Xpert Highscore software and matched with the

JCPDS data card.

Figure 3.21: XRD machine
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3.9 Mechanical tests
3.9.1 Tensile test

Tensile strength evaluation was performed on flat dog-bone-shaped welded sample
pieces. The standard tensile test specimen followed by ASTM E8 was cut using a wire
EDM machine. The standard tensile test specimen and wire EDM cut specimen is shown

in Figure 3.22.

Figure 3.22: Tensile test standard dimensions and wire EDM cut sample
The tests were carried out using a universal testing machine (INSTRON model 3369)
at a pull rate of 0.5 mm/min transverse to the welding direction, as shown in Figure 3.23.
Three specimens for tensile testing were prepared for each joint condition. The average

value of the tensile test for each condition is considered for analysis.

Figure 3.23: Universal testing machine

76



3.9.2 Microhardness test

Model HMV 2T E Vickers microhardness tester was used to measure hardness at the
cross-sectional area of the specimen. Hardness tests were performed using diamond
indenter pyramidal in shape with a load of 200 g for a dwell time of 5 seconds. Mirror
polish samples were used for microhardness tests. Figure 3.24 shows the microhardness

tester used in the study.

Figure 3.24: Microhardness tester
3.9.3 Safety guidelines followed during experimentation
Due to the robust nature of the experimental work, which includes heavy clamping and

a high-speed milling machine, safety protocols were followed during experimentation.

a) The modified FSA machine must be operated with at least two people.

b) The experimental work was performed using the lab apron with full sleeves
and shoes.

c¢) The safety guidelines prescribed by university authorities, such as handling
heavy equipment carefully during pandemic social distancing, followed and
handling sophisticated instruments carefully during the experiment and

analysis.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 FSA of AZ31 and mild steel with AI-Mg as an additive
4.1.1 Appearance of the welded joint

All welded joints had good surface appearances with no flash produced. Figure 4.1
shows the variations of surface appearances with the additions of AI-Mg metal powders
for a welding speed of 50 mm/min. The surface of the joint became sound when Al-Mg
powder was added, as shown in the comparison between Figure 4.1 (a) with Figure 4.1 (b)
and Figure 4.1 (c). However, the high content of Al would result in a rough surface
appearance, as shown in Figure 4.1 (d), which is presumed to be due to improper mixing
of the increased volume of Al powder. Finally, no defects, such as pores, voids or tunnels,
were found in all the joints; however, Figures 4.1 (b) and (c) contain cracks at the weld's

surface at the upper layer only.

Figure 4.1: The surface appearance of dissimilar friction stir alloy process
between AZ31 and mild steel (a) no powder, (b) 6 wt.% Al and Mg (balance), (¢) 10
wt.% Al and Mg (balance), (d) 15 wt.% Al and Mg (balance)

4.1.2 Cross-sectional microstructure observation

Figure 4.2 shows optical microscope images of the specimen with 10 wt.% aluminium.
We can see base AZ31 and mild steel grains in Figures 4.2 (a) and 4.2 (d), respectively.
Base AZ31 is typical equiaxed grain, whereas mild steel grain can be seen as it consists
of ferrite grain due to low carbon content. Figures 4.2 (b) and 4.2 (c) are AZ31 and mild
steel stir zone microstructure. It can be seen that the stirring action of the tool severely

deforms both AZ31 and mild steel side grains. The microstructure at the stir zone is more

refined as compared to the base material.
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Figure 4.2: Optical microscopic image of 10 wt% Al specimen (a) base AZ31 (b)
stir zone from AZ31 side (c) stir zone from mild steel side (d) base mild steel

Figure 4.3 shows the cross-sectional images of friction stir welded AZ31/mild SPHC
mild steel joint at different welding conditions. In general, sound joints without defects
were obtained using FSA. At lower welding speeds of 25 and 50 mm/min, as shown in
Figures 4.3 (a) and 4.3 (b), significant mechanical interlocking with bent structures can be
observed. Such interlocking would promote a stronger joint and results in higher tensile
strength. However, in Figure 4.3 (d), a lower strength is probably due to the agglomeration
of Al particles at the bottom of the gap. The tensile strength is depicted in the upcoming
section. The mechanical interlocking structures are less seen in the specimen in Figure 4.3
(c) despite the highest strength recorded. This phenomenon remains unexplained in terms
of observation by SEM capability. The combinations of powder additives weight
percentage and welding speeds have affected the joint's physical features and mechanical

properties.
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Figure 4.3: Macroscopic images of the interfaces on the cross-section under
different welding conditions (a) No powder (b) 6 wt.% Al (c¢) 10 wt.% Al (d) 15
wt.% Al

Figure 4.4 and Figure 4.5 shows the SEM-EDS image taken at the interface of
AZ31/SPHC mild steel joint with 10 wt.% Al and Mg (balance) powder additives at 50
mm/min welding speed. In Figure 4.4, five measurement points were taken across the
welding interface to show the distribution of elements along the cross-section. Al and Mg
powder elements can be observed near the interface on each side of two base materials,
indicated by points 3 and 4. At point 3, proper mixing of powder additives and the base
materials can be observed. Al and Mg powder additives were well dispersed at the
interface, allowing interaction with the base materials elements. It can also be observed
at points 3 and 4 that all three elements, magnesium, aluminium and iron, were present.
From these two points, one can depict that intermetallic compounds could have formed

resulting from the interactions of the powders with the base materials and heat generated

from the FSW process.
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As the magnesium-iron system is immiscible due to their weak interactions, Al
alloying element in AZ31 and Al powder additive was expected to interact with the iron
element in SPHC mild steel. Besides, interactions between powder additives and alloying
elements present in AZ31 base materials might also induce the formation of IMC.
However, the capability of IMCs detection is limited at 1 um resolution with SEM spot
analysis across the interface. Therefore, at this stage, no IMCs are detected. For
investigation of whether IMCs are formed or not, TEM analyses were performed at

nanometre (nm) resolution level and discussed in the following paragraphs.

Figure 4.4: Analysis of elemental composition at different locations on the FSW
for 50 mm/min with powder additives of 10 wt.% Al and Mg (balance)

From Figure 4.4, it can also be observed that at point 3 near the interface, the oxygen
content is high. This oxygen content existed in the form of a MgO layer at the AZ31 sheet
prior to welding (Wang et al., 2020). During welding, some of the portions of MgO

detached from the layer and existed in the form of MgO particles.
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Figure 4.5 shows EDS mapping of the interface cross-section, which depicts the
intensity of aluminium particles more into the magnesium side. It is evident that the
magnesium alloy already has aluminium content as alloying elements. This intensity

supports evidence from Figure 4.4, which also found increased aluminium content.

Figure 4.5: SEM images and EDS mappings of the interfaces on the cross-
section at S0 mm/min welding speed with 10 wt.% Al and Mg (balance)

The successes of FSW in welding dissimilar materials have been reported in recent
studies. However, interactions between dissimilar materials could produce the IMCs layer
at the interface of the joint, which could improve the tensile properties and fracture
behaviour significantly. In the FSW of AZ31B and Al6061, significant amounts of brittle
intermetallic compounds of MgAls and Mgi7Al12 were found near the interface (Dorbane,
Mansoor, Ayoub, Shunmugasamy, & Imad, 2016). These IMCs would create brittle zones
for crack propagation to initiate. It was mentioned that the IMC formed was strongly
dependent on the heat input resulting from the welding parameters, and the stirred zone
was identified as the most likely location for IMC formation due to the highest temperature
recorded within this location (Yi et al., 2016). In the FSW of aluminium to mild steel, the
IMCs formed in the weld zone have been identified as AlsFe and AlsFe, (Pourali et al.,
2017a). It was also mentioned that increasing the welding speeds would decrease the IMC
layer, thus resulting in higher tensile strengths. Nevertheless, the Fe-Al intermetallic
compound should be thin enough to restrain fracture at the intermetallic compound (Mao &
Bell, 1979). However increase in thickness of IMCs lead to deterioration of the tensile

strength of the joint (Jiang & Kovacevic, 2004). The necessity of IMCs also investigated
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in the FSW of immiscible Mg and steel (Kasai et al., 2015a). In this study, it was found
that an aluminium depletion region has developed near the interface. Al in Mg is used for
the creation of the intermetallic compound Fe-Al. The improved tensile strength of joints
attributed that the development of thin IMC at the interface is essential to producing sound
steel/magnesium joints. The joint strength of steel/magnesium improved with an
increasing aluminium content of magnesium alloy and a thinner intermetallic compound
layer. Furthermore, researchers studied IMCs formation due to reactive elements present
in the base material (Wang et al., 2019). They observed that interdiffusion took place
between alloying elements in magnesium alloys and stainless steel, diffused to the welded
interface to form an Al-rich zone and further formation of Al-Fe IMCs. Further joint
strength analysis concluded that the presence of IMCs at the welded interface could also
facilitated joint strength. Furthermore, FSW of Al-1050 and low carbon steel reveals
multiple phase IMCs formation as Alj3Fes4 and FeAls (Abd Elnabi et al., 2020). In another
study author observed Fe-rich IMCs FeAl and Fe;Al in joint interfaces. It was found that
Fe-rich IMCs are not responsible to decrease in tensile strength of joint and defects, for
instance voids, were accountable for the degraded strength (Pourali et al., 2017b). In this
study, the addition of AIl-Mg powder mixture has served as a metallurgical binder,
increasing the joining performance due to the enhanced interaction between Al powder and

AZ31/SPHC mild steel base metals.

Figures 4.6 and 4.7 shows TEM with intermetallic thickness and high-resolution TEM
image of joint interface with corresponding fast fourier transformation (FFT) for welding
speed 50 mm/min with powder additives of 10 wt.% Al and Mg (balance) has the highest
tensile strength at different interfaces of joint. It was observed that a thin intermetallic
compound formed between Al powder and Fe element of SPHC mild steel (Kasai et al.,
2015a; Sun et al., 2013; Wang et al., 2019). Figure 4.6 shows high-resolution TEM and

corresponding FFT of the base Mg side and base Fe side. From the figure of the FFT
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diffraction ring, it can confirm that there is a crystal material present at that respective

position.

Figure 4.6: TEM image showing the intermetallic compound (IMC) thickness
and high-resolution TEM with corresponding FFT of base Mg and Fe

Further, Figure 4.7 comprises three distinct zones of high-resolution TEM and
corresponding FFT. The figure shows TEM and FFT of IMC zone, Mg/Al interface and
Al/Fe interface. FFT image of IMC in inset has a broadened ring diffraction pattern, which
is a characteristic of amorphous structure and leads to brittle fracture (Sun et al., 2013).
This amorphous structure of IMC is also confirmed from fractography analysis which is
discussed in the following subsection, in which all samples fractured from joint. However,
the FFT of the rest of the two interfaces shows a diffraction ring, which depicts crystal

structure.
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Figure 4.7: High-resolution TEM with FFT diffraction pattern of three distinct
zones; namely IMC zone, Mg/Al interface and Al/Fe interface (inset)

The thin intermetallic compound formed between Al powder and Fe element of SPHC
steel was confirmed by EDS point analysis in Figure 4.8. At interface point 3 in EDS, the
Al counts and Fe counts were higher, which indicates the formation of Al and Fe
intermetallic compounds. Furthermore, the IMC appeared uninterruptedly at the interface
of the welding joint, and thickness was found to be almost constant irrespective of the

length of the interface.
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Figure 4.8: TEM-EDS analysis at respective points across the joining interface
for the specimen with 50 mm/min welding speed and 10 wt.% Al and Mg (balance)

Figure 4.9 depicts XRD analysis of AZ31 and mild steel with 10 wt.% Al and Mg
(balance) at 50 mm/min welding speed to identify IMC phases. IMC of Al12Mgi7, Al-rich
Fe>Als was detected along with the intensity of base magnesium, base steel, and
magnesium oxides. The FezAls IMC from XRD analysis confirms the TEM-EDS results
depicted in Figure 4.8, where at point 3 Al count and Fe count are detected (B. Fu et al.,
2021). Also, from TEM-EDS, It can be noticed that Al-rich IMC is forming, which is
confirmed by XRD analysis. As reported in the literature, the formation of magnesium
oxide is mainly due to either reaction with atmospheric oxygen (Meng et al., 2021). In
Figure 4.4, SEM-EDS presence of oxygen along with magnesium was also detected;
however, from TEM-EDS, no MgO is detected. However, the formation of Al;xMgi7 IMC

is not detected through TEM-EDS.
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Figure 4.9: XRD pattern of AZ31 and mild steel with 10 wt.% Al and Mg
(balance) at 50 mm/min welding speed

4.1.3 Effect of welding speed on tensile strength

Figure 4.10 shows the effect of welding speeds on tensile strengths of the FSW
specimens, with and without powder additives. Generally, the addition of metal additives
of 6 wt.% Al and Mg (balance), and 10 wt.% Al and Mg (balance) has resulted in increased
tensile strengths as compared to specimens without powder additives at increasing traverse
speeds from 25 mm/min to 50 mm/min. The highest tensile strength of 150 MPa was
achieved for the specimen with powder additives of 10 wt.% Al and Mg (balance) at a
welding speed of 50 mm/min. This tensile strength value is 17% better than its equivalent
specimen without powder additives. The reason for the lower strength of welded
specimens without additives can be explained as magnesium and iron are immiscible, and
oxides of magnesium (MgO) at the surface of AZ31 prevent reaction between Mg alloys
and steel (Wang et al., 2020). Increasing the welding speed to 100 mm/min has caused a
significant decrease in the tensile strength of specimens with 6 wt.% Al and Mg (balance)
and 10 wt.% Al and Mg (balance) as compared to the specimen without powder additives,
which could have been caused by the improper stirring of metal additives at high welding

speeds. Increasing the percentage of aluminium to 15 wt.% has resulted in a decrease of
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tensile strength for all welding speeds and is lower than their corresponding non-powder
added joints. The high Al powder content could have hindered the uniform dispersion of
the powders at the interface during welding.

In conclusion, the addition of Al-Mg powder additives in small quantities (less than 10
wt.%) and welding with low welding speeds would improve the tensile strength of AZ31
magnesium alloy and SPHC mild steel. The highest tensile strength of welded specimen
with powder additives was 62.5% better than the tensile strength of AZ31 and 41.5% better
than that of SPHC. This result indicated that the joint had achieved a good weld
performance. In the dissimilar joining of AZ31 and SPHC steel, there is a mismatch
between elastic modulus which further leads to stress localization, in other words, stress
concertation. AI-Mg Additives serve as strengthening particle which strengthens the Mg
side of the joint locally. Because of the working mechanism of strengthening particle
stress concentration at the interface, relived and subsequently enhanced joint strength

is achieved (Lei et al., 2018; Liu & Qi, 2010; Song et al., 2012; Wang et al., 2020).

Figure 4.10: Joint strength for different welding speeds and Al powder
percentage
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4.1.4 Hardness assessments

Figure 4.11 shows hardness results measured along the cross-section of the welded
joint, with and without powder additives. The measurements were recorded across these
welding regions: stirred zone (SZ), thermomechanical heat affected zone (TMAZ), heat
affected zone (HAZ), and base metal (BM). The variation in the hardness value corresponds
to the distinct microstructural zones. The inherent material properties of AZ31 magnesium
alloy and mild steel exhibited two specific hardness profiles of advancing (AZ31) and
retreating (SPHC) sides. The highest hardness value was recorded at the interface in the
SZ zone, which indicates the brittle behaviour of the joint. The hardness value at the SZ
sharply decreased towards the TMAZ/HAZ at AZ31 advancing side as compared to the
TMAZ/HAZ at mild steel retreating side, as the hardness value of steel is higher than that

of magnesium.

Figure 4.11: Hardness measurement of welded joint at a welding speed of 50
mm/min
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4.2 FSA of AZ61 and mild steel with AI-CNT as an additive
4.2.1 Functionalisation of CNT

CNTs are considered great reinforcement nano-additive among carbonaceous
nanomaterials because of their excellent properties (Luca et al., 2017). Composite
properties enhanced with carbon nanotubes should have significant characteristics to be
used in many applications, such as lightweight, strong materials for use in harsh
conditions successfully (Coleman et al., 2006). The resulting characteristics of
composites reinforced with CNTs are greatly influenced by their dispersion in the matrix,
limiting the use of CNTs as reinforcement additives. Due to strong Van der Waals
forces, the CNTs tend to agglomerate in bundles and show a very little or negligible
affinity for other materials (Ma et al., 2010). To overcome the issues mentioned above
related to CNTs, CNTs subjected to chemical functionalization prior to use in the FSA

process in the current study.

Several functional groups allow attaching with carbon atoms in the chemical
functionalisation process. These attached functional groups enhance the affinity of CNTs
with non-graphitic materials (Balasubramanian & Burghard, 2005; Banerjee et al., 2003;
Hirsch & Vostrowsky, 2005). In the current study, the CNTs are functionalized with
sulfonitric acid. Sulphonitric acid consists of sulphuric acid and nitric acid in the 3:1 ratio
(Pavese et al., 2008). Figure 4.12, which depicts Fourier transform-infrared spectroscopy
(FTIR), several functional groups are attached with CNTs. After functionalisation, CNTs
were used in preparing additives with different proportion combinations with aluminium

particles.
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Figure 4.12: FTIR analysis of functionalised CNT showing functional groups

4.2.2  Appearance of AZ61 and mild steel joint with and without additive

The welded joints produced by the FSA technique were free from defects for welding
speeds 15 mm/min and 30 mm/min. However, tunnel defects and holes were observed for
50 mm/min welding speed. Figure 4.13 the FSA of AZ61 and mild steel with 3% CNT-
Al (balance) as an additive at 15, 30 and 50 mm/min welding speed. With lower tool
traverse speed and the stirring action of workpiece materials happened properly. This
proper stirring at sufficient heat leads to the smooth flow of materials inside the stir zone.
In the case of 50 mm/min, tool traverse speed workpiece material and additive were not
stirred properly. This, in turn, insufficient heat available to plasticise the workpiece

material and formed a tunnel all along the weldment pathway.
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Figure 4.13: The surface appearance of dissimilar friction stir alloy process
between AZ61 and mild steel at different welding with 3% CNT additive, at (a) 15
mm/min, (b) 30 mm/min (c) 50 mm/min

4.2.3 Cross-sectional microstructure observation

Figure 4.14 (a)-(d) shows the optical microscopic view of samples with 3% CNT+Al
(balance) with 30 mm/min welding speed at the stir zone as well as the base material.
Figure 4.14 (a) depicts base AZ61 with coarser equiaxed grains. Also, in the stir zone,
equiaxed grain forms with the finer grain size, Figure 4.14 (b). The AZ61 grains in the
stir zone were recrystallised and converted into the equiaxed finer grain by the stirring
action of the tool probe. After the passing of the tool probe, due to the unfavourable heat
input state, the growth of Mg grain did not happen (Meng et al., 2021). Figure 4.14 (d)
shows base mild steel grain typically in the ferrite phase. The stir zone in the mild steel

side also exhibits more refined grains than the base material due to the stirring action of

the tool, as shown in Figure 4.14 (¢).
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Figure 4.14: Optical microscopic images of the specimen with (a) base AZ61 (b)
stir zone of 3% CNT+AI (balance) at Mg side (¢) SZ of 3% CNT+Al (balance) at
mild steel (d) base mild steel

Figure 4.15 (a) shows the joint cross-sectional macroscopic view with 3% CNT and
Al (balance) at 30 mm/min welding speed. A strip of steel is flown into the Mg side and
makes the hook-like structure. This also illustrates that the tool probe is not penetrating
the overall thickness of the workpiece as we kept the plunge depth of 1.4 mm. Steel
fragments are also visible in the magnesium side stir zone. The mechanical performance

of the joint benefited from the pinning action of the strip employing mechanical

interlocking.

The SEM images in Figure 4.15 (b) and (c¢) correspond to the two distinct zones, which
are marked in Figure 4.15 (a). Figure 4.15 (b) shows the magnesium side stir zone. It can
be observed that CNTs are distributed in the stir zone almost homogeneously. The
precipitates of aluminium particles are also seen in the stir zone of magnesium. Figure
4.15 (c) shows the joint interface. It can be observed the CNT distribution is more in the
stir zone of magnesium. Near interface precipitates of aluminium are observed. Figure

4.15 (d) shows the magnified view from the zone marked in Figure 4.15 (¢). It can be
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observed that near the interface, a typical lamellar structure is formed on the magnesium
side. This lamellar is formed all along with the interface on the magnesium side. We
performed point EDS analysis to find out the composition of the lamellar structure. It was
found that composition comprises Mg 63.6 wt. %, O 27.9 wt. %, Al 8.5 wt. %. This EDS
composition reveals that there is a possible formation of MgO at the interface into the
magnesium side. There are studies reported about the formation of MgO in the joining of
magnesium and steel. It was reported that there were two possibilities for the formation
of MgO. One possibility is that atmospheric oxygen may be reacted with the stir zone
during the welding process. In another possibility, the galvanic couple formed between
Mg and steel during the polishing process, which started MgO formation (Fu et al., 2021;
Meng et al., 2021). In the current study, argon gas shielding is used to protect the stir zone
from atmospheric air reaction. However, it is observed that the cross-section area is
severely affected if we keep microstructure samples in the open air during polishing. For
this reason, de-ionized water is used during polishing and used ethanol at final finishing.

However, the formation of MgO was ultimately unavoidable.

Figure 4.15: Macro/microstructure of joint interface. (a) cross-sectional view of
joint (b-¢) SEM images (marked in ‘a’) (d) MgO formation at interface

SEM-EDS mapping was conducted to know the dispersion of additive materials at the

interface. In Figure 4.16, it can be seen that aluminium is well distributed on both sides
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of the interface: magnesium and mild steel sides. The CNT distribution is more towards
the magnesium side. From the distribution of CNT by observing the EDS mapping, it can
be assumed that CNT is reinforcing the magnesium matrix. A fascinating finding is
observed in the interface: magnesium and mild steel sides, which is the mapping of
oxygen. It can be observed that oxygen is distributed along with the interface only, which

verifies the galvanic coupling during polishing.

Figure 4.16: SEM-EDS mapping of the specimen with 3% CNT+Al (balance) at
30 mm/min

As already discussed in AZ31 and mild steel with AI-Mg additive in the FSA process,
the successful joint between immiscible materials is formed when an IMC exists at the
interface. The alloying elements in base materials are used to create the IMC in
immiscible materials welding between magnesium alloy and steel (Kasai et al., 2015b).
Therefore to control the depletion of alloying elements from base materials, they can be

used as second phase particles to maintain the alloying element composition.

In the AZ31 and mild steel joining, it is already found that their AI-Mg additives help
maintain the aluminium percentage in the vicinity of the joint. In the case of AZ61 and

mild steel joining with AI-CNT additives, it can also assume the formation of IMC.
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Several IMC formations were reported in the case of magnesium alloy and mild steel.
In one study, zinc coating was stripped from galvanised steel and discovered Fe>Als on
the steel in the base metal. They used the Fe,Als that remained on the base steel's surface
to join with magnesium alloy (Liu et al., 2011). The AlFe IMC was reported at 44.370°and
81.506° XRD peaks in the FSW of AZ31 and DP 600 steel. Apart from the AlFe IMC,
Mg0.977Zn0.03 was also reported in the same study (Sahu et al., 2021). The aluminium,
which was available as an alloying element in the AZ31 magnesium alloy, interacts with
Fe, resulting in the Fe;Als IMC, and was advantageous for improving mechanical
characteristics (Fu et al., 2021). Zhou et al. (2020) investigated the effect of Al foil
addition in AZ31 and DP 600 steel using laser welding. They observed the formation of

FeAl, FeAl,, and FesAl IMCs in the weld pool.

It can be observed from immiscible material joining between magnesium and steel that
joining strength is still not up to the mark of industrial application. The formation of IMCs
helped in the sound joint between magnesium and steel, but this needs to be improved
further from a strength point of view. The formation of various IMC, including Al-rich
IMC at the interface in AZ31 and mild steel joining using Al-Mg, is observed in Figure
4.9. And the formation of IMC with improved tensile strength revealed the effective use
of Al-Mg additive for IMC formation, as shown in Figure 4.10. The IMC was continuous

along with the interface, as depicted in Figure 4.6.

The usage of CNT with aluminium as an additive can give an advantage over joining
with only aluminium additives. Very few studies reported using CNT in FSW of
dissimilar material. However, research was reported on friction stir alloying of similar
materials using CNT. Researchers experimented with AZ91D magnesium alloy with
CNT to make a composite using the FSA technique (Liang et al., 2017). They found that

AlbMgC, carbide was formed. They reported improved mechanical strength by using
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CNT to make the composite. In another experiment, Al and CNT were used to make a
composite using the powder metallurgy technique. After that, the prepared AI/CNT
composite was subjected to the friction stir processing technique. The formation of
aluminium carbide was revealed. Due to CNT and aluminium carbide formation, strength
improvement but also improvements in ductility were reported (Li et al., 2021). The
improvement in composite reinforced properties by CNT depends not only on carbide

formation but also on various strengthening mechanisms.

In the current study of AZ61 and mild steel with AI-CNT as the additive is supposed
to improve joint properties further apart from the formation of IMC. TEM analysis was

performed to find out CNT behaviour in the current experiment.

Figure 4.17 shows TEM analysis of specimen with 3% CNT and Al (balance) at 30
mm/min. Figure 4.17 (a) shows the location from which lamella was extracted. We can
see the fragment of steel on the Mg side exists. Figure 4.17 (b) shows lamella with CNT
dispersed into the Mg side. The assumption for dispersion of CNT into the magnesium
side only made in SEM and SEM-EDS analysis observation, as depicted in Figure 4.15
and 4.16, is almost true by looking at the TEM lamella. The formation of IMC can be
observed in Figure 4.17 (c). The thickness of IMC is about 250 nm which is much higher
than AZ31 and mild steel with Al-Mg additives. Also, the IMC in the case of AZ61 and
mild steel is not continuous compared to the previous case. Figure 4.17 (d) shows the
CNT in the magnesium matrix. The addition of CNT could be one reason behind this, as
it may hinder IMC's formation. One most important aspects of CNT in the matrix is
restricting dislocation, which improves strength (Dieringa, 2011; Mohammed & Chen,
2020; Rajesh et al., 2018). The motion of dislocations is arrested by CNT, which leads to
a bending of dislocations, as we can see in Figure 4.17 (¢). CNT may also be dispersed at

grain boundaries, which helps in load transfer from matrix to itself.
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Figure 4.17: TEM analysis of specimen with 3% CNT+Al (balance) (a) location
of lamella preparation (b) complete lamella overview (c) magnified TEM image
from,b (d) CNT embedded into Mg side SZ (e) dislocation due to CNT (f)
schematic of CNT dispersion at grain

Figure 4.18 shows TEM-SAED analysis to support IMC and other compound
formations. Point 1 is on the magnesium side. The ring pattern of selected area electron
diffraction (SAED) can be seen, which depicts polycrystalline material. At point 2, which
is at IMC, more than one ring in a concentric circle is observed, revealing the
polycrystalline materials. At point 3, steel side, the SAED pattern indicates

monocrystalline materials. The SAED result at point 3 again supports the claim that CNT

distribution happens only on the magnesium side.
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Figure 4.18: SAED analysis of AZ61 and mild steel with 3% CNT and Al
(balance)

Figure 4.19 shows AZ61 and mild steel TEM-EDS at the interface with 3% CNT and
Al (balance) at three locations. From TEM-EDS at point 2, it can be seen that Al-rich
IMC is forming. The weight percentage at that point nature of IMC formation is Fe>Als.
Which is most commonly IMC formed between steel and aluminium at elevated
temperature of the process. From point 1 TEM-EDS analysis, it is evident that Al,MgC»
carbide is forming. It was reported that when the temperature is below 700K, and
aluminium content in Mg alloy varies between 0.6% to 19%, it is most likely to form
Al2MgC; carbide, which could also improve joint strength (Shimizu et al., 2008). The
formation of AlbMgC: carbide is also mentioned above. Point 3 TEM-EDS shows only

Fe atom. This means the CNT is completely dispersed in the magnesium matrix only.
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Figure 4.19: TEM-EDS at 3 different points with 3% CNT and Al (balance)
additive

XRD analysis was performed to confirmation of IMC formation, as shown in Figure
4.20. It can be seen from XRD that A1, MgC; and Fe2Als compound is detected. The base
Fe and Mg were also detected. Ali2Mgi7 and AIMg compound was also detected in
addition to these compounds, which is not confirmed through TEM-EDS. One possible
reason could be that we analysed TEM-EDS near the interface, and the formation of the
Al12Mg17 compound happened in the magnesium matrix far from the interface region.
Because in SEM-EDS mapping from Figure 4.16, it can be seen that the mapping of

aluminium and magnesium is overlapping in the magnesium matrix.
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Figure 4.20: XRD analysis of interface of AZ61 and mild steel specimen with
3% CNT and Al (balance) additive

4.2.4  Effect of welding speed and additive on tensile strength

Figure 4.21 shows the tensile strength of welded samples with the FSA technique at
different welding speeds. It can be seen that the tensile strength of 3% CNT+Al (balance)
is highest compared to all other conditions. Tensile strength for the sample with 3% CNT
is improved up to 88.8% compared to base AZ61 and 61.4% compared to the base steel.
The reason behind the improvement is mainly due to the incorporation of additives. It can
also be seen that 3% of CNT samples tensile strength is 222 MPa while only aluminium
additive samples exhibited 178 MPa, and without any additive, it revealed 137 MPa. At
a higher percentage of CNT additive, tensile strength shows the lowest values. The
lowering in strength is probably agglomerated CNT, which had an adverse effect on joint
strength. The Al additive helps in IMC formation, which is an essential part of joint
formation leading to improved strength compared to without any additive specimen,

which is demonstrated in FSA of AZ31 and mild steel with Al-Mg additive.
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Figure 4.21: Joining strength for different welding speeds and additives
composition

Various strengthening mechanisms are involved in the improvement of tensile
strength. Grain refinement, carbide formation, formation of IMC, load transfer from
matrix to CNT, the thermal mismatch between CNT and matrix, and dislocation piled up

due to CNT.

The improved mechanical properties of joint with AI-CNT as an additive are due to
four strengthening mechanisms: (a) the coefficient of thermal expansion (CTE) gap
between the magnesium matrix and the CNT, (b) the Hall-Petch mechanism associated
with refined grain, (c) shear lag or load transfer mechanism, and (d) the Orowan
mechanism. According to the Zener-Holloman effect, inhibiting grain growth causes
grain size to decrease, as shown in Figure 4.14 (b), where magnesium stir zone grain is
very fine compared to base magnesium. This grain refinement could contribute to joint
strength through the Hall-Petch relationship. Hall-Petch relationship states that the lesser
the grain size of material higher the strength. There is a significant mismatch between the
magnesium's CTE and CNT’s CTE. This mismatch causes dislocation by punching at the

boundaries. In addition, due to continuous CNT dispersion, the dislocation density in the
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magnesium matrix increases. The dislocation can be observed in Figure 4.17 (e).
Furthermore, the accumulation of dislocations at the magnesium matrix and
CNT interface boosts joint strength even further. According to the Orowan mechanism,
these produced dislocations along the magnesium grain boundary are blocked by
microscopic-sized carbide particles. In the current case, a carbide of AlLMgC, was
formed. As a result, these grains bend, generating back stress and increasing the strength
of the weld zone material. The magnesium and the CNT interface establishes the load
transfer between the two materials, and we observed that CNT is dispersed in the

magnesium matrix.

4.2.5 Hardness assessments

Figure 4.22 depicts microhardness of 3% CNT+Al (balance), only Al and without any
additive samples along the cross-section. The highest hardness value was recorded with
the sample with 3% CNT+AI (balance) additive. The highest hardness value was recorded
at 471 HV, which is far higher than Al additive and without any additives samples. The
stir zone of the magnesium side exhibits the highest hardness value due to the presence

of CNT.
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Figure 4.22: Micro hardness measurement of samples with 3% CNT+Al
(balance), only Al and without any additive at 30 mm/min welding speed
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CHAPTER 5: CONCLUSIONS AND FUTURE RECOMMENDATIONS

5.1 Conclusions

In this research, immiscible magnesium alloys and mild steel were joined using the
FSA technique with additives in butt configuration. The microstructural evolution was
analysed using optical microscopy, SEM imaging, SEM-EDS point and mapping, TEM
imaging, and TEM-EDS. Mechanical properties were evaluated using tensile strength
tests and microhardness. The conclusion drawn from this study is presented below.

1. A novel method for applying the additives in the FSA was successfully
developed and demonstrated. PEG aims to keep additives in the gap during the
process without reacting with welding outcomes successfully achieved by
eliminating problems associated with additive injection at the interface of
workpieces.

2. The dissimilar joint of AZ31 and mild steel with Al-Mg additives using FSA
was successfully achieved. The addition of Al powder at a weight percentage
of less than 10 wt.% Al-Mg(balance) into the joining interface was designed to
maintain the aluminium content that could be lost due to welding heat. The
study from SEM-EDS has shown that the aluminium content in the vicinity of
the welding interface was successfully maintained. It is considered at this
condition, the Al powder was well-dispersed, which can be confirmed in the
SEM-EDS mapping, undergone metallurgical reaction during the process with
suitable heat input. The formation of the intermetallic compound was
confirmed by TEM analysis, measured at 20 to 26-nanometer thickness, which
is believed to have improved tensile strength. The highest tensile strength of
150 MPa was recorded for FSA joint with 10 wt.% Al-Mg powder additives

produced at a welding speed of 50 mm/min.
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3. The AZ61 and mild steel joined were successfully achieved with the AI-CNT
additive. The tensile strength was found to be increased as compared to without
additive and only Al powder additive. The tensile strength of 3% CNT and Al
(balance) at 30 mm/min is 222 MPa, higher than only aluminium and without
an additive specimen. Microhardness also improved in the case of CNT
additives. Nanoscale level microstructure reveals the formation of IMC, which
is in the order of 250 nm and CNT dispersion in the Mg stir zone. The
appearance of Al-rich IMC happens in 3% CNT additive, and ALMgC: is also
prone to form detected through TEM-EDS. The aim of using CNT is to
improve joint strength achieved successfully.

4. Various strengthening mechanisms contributed to the enhance the joint
properties in CNT additives. It was revealed that the Zenner pinning
mechanism, formation of carbide, dislocation pilling, formation of IMC, and

load transfer strengthening mechanism helped in improving strength.

5.2 Recommendations for future work

Very few researches have been conducted on CNT additive in FSA. The suitable
process parameter still needs to be investigated in detail. The Mg-Fe dissimilar welding
using CNT needs to explore more extensively in terms of corrosion and tribological
properties. The current research aims toward Mg-Fe joining using the FSA technique. It
can be extended to other dissimilar materials too. The deposition method of nanoparticles
during FSA must be explored more to operate in industrial practice. Other nanomaterials,
such as graphene, and ceramic-based nanomaterials, could also be used to improve the
joint properties of dissimilar materials. The IMC and its modelling is also an exciting
future work which needs to be addressed. The numerical simulation of the process is not

reported, so this could be a possible area for future work.
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