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Preface

Magnesium is a magical element that is the lightest among other elements in 
context of its structural applications and it is also one of the most abundant metallic 
elements available on Earth. It possesses nutritional characteristics and is hence 
important in many biological ways for plants, animals, and humans. Its light weight 
(~33% lighter than aluminum) makes it a suitable candidate for a wide spectrum 
of engineering and biomedical applications in the context of reducing fuel con-
sumption, mitigating global warming, and enhancing human comfort through 
development of prosthetics with a similar density to that of bone. The abundance 
of magnesium in the Earth’s crust and water bodies, coupled with its nutritional 
characteristics, also enables magnesium to provide a sustainable solution to humans 
for a very long time to come. In view of its non-toxic nature, the recycling of mag-
nesium is also easily achievable and illegal dumping will not be a health hazard.

From an engineering perspective, the transportation sector (land, air, space, and 
water transport), defense sector, and electronic sector can be key beneficiaries 
of using magnesium-based materials. From a biomedical perspective, the most 
promising application is related to temporary implants. The use of magnesium-
based materials as temporary implants assists in reducing patient trauma and 
medical costs through eliminating the need of revision surgery. From an industrial 
perspective, magnesium is an attractive option as it has a low melting point and 
easy machinability and these are instrumental in minimizing the cost of end 
components. 

In view of the tremendous advantages associated with use of magnesium-based 
materials, this book was conceptualized to provide an insight into the fundamental 
characteristics of magnesium and the current directions pursued by researchers 
worldwide. Chapter 1, written by Dr. Tekumalla and Dr. Gupta, introduces the 
readers to magnesium-based materials and their applications. Chapter 2, written 
by Srinivasan Murugan, Manoj Gupta, and Nguyen Quy Bau et al., describes the 
synthesis of magnesium-based nanocomposites using different methodologies. 
The focus in this chapter is on nanocomposites due to their unique capability of 
exhibiting a superior combination of mechanical properties that is desired by 
engineers for developing high performance systems. The third chapter, written by 
Ramesh Kumar Subramanian, Sreearravind M., and Arun Kumar Srirangan et al., 
addresses the importance of severe plastic deformation in refining the microstruc-
ture and enhancing the mechanical response of magnesium-based materials. In 
the fourth chapter, by Dr. Jafar Albinmousa, the author describes the fatigue of 
magnesium-based materials including composites in a comprehensive  manner. 
The fifth chapter, by Niranjan C A, Ramachandra Madhavarao, and Srinivas 
Satyanarayana et al., introduces the potential of risk-free abrasive water jet cutting 
technology as an alternative method for machining magnesium-based materials. 
The intricacies associated with water jet cutting are addressed by the authors in this 
chapter. The sixth chapter, by Kavian Cooke, Anas Attieh, and Abdulaziz Alhazaa 
et al., addresses the principles and applications of dissimilar welding and joining 
of magnesium alloys. This chapter highlights the importance of dissimilar weld-
ing as multi-material systems are commonly in place in both the biomedical and 
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engineering sectors. Finally, in the seventh chapter, by Dr. Kondo and Dr. Hiroyuki, 
the use of magnesium-based materials is illustrated for hydrogen storage with 
 critical analysis related to microstructure.

Overall, the chapters included in this book address the latest trends in primary and 
secondary processing, properties characterization, machining, joining, and applica-
tion of magnesium-based materials including nanocomposites. The information 
contained in this book will be of immense importance to graduate students and 
researchers from research-based institutions, industry, and academia.

Manoj Gupta, PhD
Department of Mechanical Engineering,

National University of Singapore,
NUS, Singapore

Chapter 1

Introductory Chapter: An Insight
into Fascinating Potential of
Magnesium
Sravya Tekumalla and Manoj Gupta

1. Evolution of magnesium

The name, magnesium (Mg), was derived from an ancient city in Greece called
“Magnesia”where magnesium carbonate was first discovered. It was first isolated in
its elemental form by English chemist Sir Humphry Davy in 1808 [1]. In the earth’s
crust, magnesium is the sixth most abundant element and occurs in over 60 differ-
ent minerals with at least 20% of Mg within them. Most commercially important of
these minerals include dolomite, magnesite, brucite, and carnallite. Principally,
magnesium is extracted from its minerals using a thermal reduction process [2].
Magnesium is also the third most abundant metal ion in seawater. Despite magne-
sium being only 0.13% of seawater, seawater remains an almost inexhaustible
source for its extraction. Magnesium is extracted from seawater or brine using the
electrolytic process of magnesium chloride [2]. Of the two extraction processes, the
thermal reduction process is known to yield a higher purity of 99.99%, while the
electrolysis process can achieve purity limited to 99.8%. Until the 1990s, the USA
and Canada dominated the production of magnesium; however, the industrial rev-
olution in China in the late 1990s turned the tables for magnesium production due
to its lower operational (energy and labor) costs. It is estimated that 85% of the
global magnesium production is currently done by China, and most of the remain-
der is produced by Russia, Turkey, Spain, Austria, etc. [3].

2. Factsheet of magnesium

The salient characteristics including atomic and crystalline and chemical
characteristics and physical, thermal, biological, and mechanical properties of
magnesium are shown in Figure 1.

3. Past, current, and potential applications of magnesium

Among metallic materials, aluminum is currently the most widely used light-
weight material with a density of 2.7 g/cc. Titanium (Ti) and steels are heavier and
are used very strategically in the transportation sector. Being abundantly available
with price only marginally higher than that of Al (Table 1), magnesium-based
materials are the present emerging materials in multiple sectors after a gap of about
70 years when they were used initially in aerospace and automobile sectors. This is
because magnesium offers multidimensional properties which can be harnessed in a
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variety of applications. These applications of magnesium are primarily classified
into three categories: (i) structural, (ii) nonstructural, and (iii) miscellaneous
applications. They are discussed briefly in this chapter.

Figure 1.
Factsheet of magnesium.

Metal Density (g/cc) Price/kg (US$) (in 2016) [4]

Magnesium 1.738 4.71

Aluminum 2.7 2.13

Titanium 4.506 8

Steel 7.75–8.05 0.64

Table 1.
Price of the most commonly used metals.
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3.1 Structural applications

About 40% of magnesium produced globally is directly used in the form of its
alloys in structural applications [5] in different sectors described below in text as
well as shown in Figure 2.

3.1.1 Automotive sector

The first automobile in the world (1885–1886) was made up of steel, a dense
alloy, in most of its parts. With increasing efforts to improve fuel efficiency and
energy efficiency as well as to reduce the cost of the vehicles, there was a shift from
usage of steel to aluminum (owing to its lower density) that substantially reduced
the weight of the automobiles. However, in recent years, driven by lower density of
magnesium (33% lighter than Al), car manufacturers such as Porsche, Suzuki, and
General Motors are increasingly using magnesium-based materials primarily due to
their excellent specific mechanical and physical properties. Among several magne-
sium alloys, Mg-Al-based alloy series such as the AZ and AM alloys; Mg-rare earth-
based alloys, i.e., WE43 and E21; and ZK alloys demonstrate good strength and
ductility combination at room temperature along with good resistance to corrosion
(salt spray) and superior castability [6]. Hence, they are predominantly being used
in the automobile sector as sheets or even engine blocks and other automobile
components such as in steering wheels, boot area, etc. Further, for robust and
elevated temperature applications such as engine blocks, newly developed high-
strength magnesium alloys and alloy nanocomposites can be used as they demon-
strate good thermal and dimensional stabilities [7–11].

3.1.2 Aerospace sector

Historically (in the 1950s), magnesium was a dominant material in the aviation
industry as a structural material. In fact, an aircraft (XR56) with all-magnesium was

Figure 2.
Potential applications of Mg in (a) aerospace sector in the form of passenger seats (image taken from [25]); (b)
biomedical sector where biodegradable magnesium alloy products can be used as implants, assist in fracture
fixation, etc. (image taken from [26]); (c) automobile applications (image extracted from [27]); and (d)
electronic applications such as mobile handset panels and casings (image used from [28]).
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built by Northrop in 1943 during the World War period, similar to the Lockheed
F-80C in 1950 [12]. With the “traditional” challenges such as reactivity and per-
ceived flammability, magnesium usage was limited. Ever since upliftment of the
ban on magnesium by FAA [13], there is an ever-increasing demand for high-
performance magnesium alloys for reducing weight in aircraft structures such as
interior components, fuselage structures, gearboxes, aero engine frames, helicopter
transmissions, covers and components, flight control systems, electronic housings,
and aircraft wheels [14]. With advancement in the alloy design and material devel-
opment, for the abovementioned as well as other applications in both commercial
and military aircrafts, advanced higher-performance magnesium alloys and com-
posites that are also ignition-resistant or ignition proof and corrosion-resistant suit
the requirement of the aviation industries and can help in achieving sustainability
and protecting the environment [8, 15–17].

3.1.3 Electronic sector

In consumer electronic industries, due to the shortcomings of plastics that do not
shield the electromagnetic radiations, have poor stiffness, and generate enormous
scrap of electronic equipment, there is a need for nontoxic lightweight materials
that can match the density of the commonly used plastics and perform better than
that of plastics. These attributes are the reason that makes magnesium-based mate-
rials very lucrative as magnesium can be remelted, reused, and recycled. Its elec-
tromagnetic shielding capacity (65–66 in 0.5–13 GHz frequency range) is the same
or even superior to that of aluminum alloys (59–65 in 0.5–13 GHz frequency range)
[18–20]. Magnesium is currently one of the most sought-after materials for making
the casings, frames, panels, and other parts in the electronic items such as mobile
phones, laptops, cameras, etc. [21].

3.1.4 Biomedical sector

Mg is the fourth most abundant ion in the human body and assists in several
functions like aiding bone health and multiple metabolic processes in the body
besides being antibacterial and attracts attention as an excellent biomaterial [22].
Since magnesium is both biocompatible and biodegradable, it is the best fit to be
used in the body as a nonpermanent biodegradable implant as it (i) reduces patient
trauma; (ii) requires no revision surgery; (iii) reduces doctor’s time; and (iv)
reduces medical costs [23]. Further, it is also required by the body as it is instru-
mental for about 300 enzyme systems and assists in energy production and synthe-
sis of nucleic acid in the body [24]. Further, there is good evidence for the use of
supplemental Mg in various cardiac arrythmias, preeclampsia/eclampsia, migraine
headache, diabetes and related complications, metabolic syndrome, premenstrual
syndrome, asthma, and hyperlipidemia [24], indicating the significance of
magnesium in human bodies and biomedical sectors.

3.2 Nonstructural applications

3.2.1 Alloying element to aluminum

On par with its direct structural applications, magnesium is used primarily as an
alloying element to Al (about 40% of magnesium produced globally is used for
alloying with aluminum). Magnesium is alloyed with aluminum up to 30% catering
to suit a range of applications including pyrotechnics [29]. Some applications of
Al-Mg alloys are as sheets in automobile applications and shipping industry due to
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their good mechanical properties, castability, and superior corrosion resistance,
owing to the presence of elevated magnesium content [30].

3.2.2 Refining titanium

Magnesium acts as a reducing agent in the production of titanium, beryllium,
zirconium, uranium, and hafnium. It is the second largest use of Mg in a
nonstructural market. In applications related to organic chemistry, magnesium is
also used in industrial synthesis such as the Grignard reaction. Particularly, Mg is
important for production of Ti sponges [31].

3.2.3 Steel desulfurization

Sulfur (0.025–0.03% S) is damaging to steel and causes brittleness. Hence,
desulfurization of steel is done by exploiting the high affinity exhibited by

Minor applications Advantages of using magnesium and other remarks

Sacrificial anode [35] High-resistivity environment that have high current output per unit weight
and inherent negative potential are particularly suitable for magnesium
anodes. Some applications include underground pipelines, domestic water
heaters, storage tanks, and other similar environments, where the galvanic
corrosion of steel can be prevented by employing magnesium anodes. With
suppressing the corrosion, the safety and resource conservation can be
increased as the number of leaks decrease drastically

Magnesium batteries
[36, 37]

A range of Mg batteries are under development in recent years for various
applications. One such application includes that of military applications
where magnesium is used in reserve cell batteries and dry cells. Magnesium
batteries have (i) long shelf life (up to 10 years), (ii) high cell voltage and
wide voltage range, (iii) high power density capacity, and (iv) lightweight in
their inactivated state

Hydrogen storage [38] Hydrogen is a plentiful yet largely untapped potential energy source.
Hydrogen fuel cell prototype engines are 3–4 times more efficient than
internal combustion engines. 10 kg of Mg can store roughly 0.67 kg of
hydrogen. Mg can absorb about 7.6 wt. % hydrogen, which makes it one of
the largest capacities among metal hydride alloys. Recently reported air-
stable magnesium nanocomposites assist in nanostructuring, resulting in
rapid storage kinetics by eliminating the need for usage of expensive heavier
metal catalysts

Flameless ration heater
(FRH) [39]

FRH is an exothermic chemical heater activated by water, applied to heat the
food (especially in meal, ready-to-eat (MREs)). Ration heat is generated in
an oxidation–reduction reaction which involves the transfer of electrons. US
military specifications for the heater require it to be capable of raising the
temperature of an 8-ounce (226.8 g) entree by 100°F (38°C) in 12 minutes
and that it has no visible flame. The ration heater typically contains finely
powdered magnesium metal, alloyed with a small amount of iron, and table
salt. A little amount of water is to be used to activate the reaction, and the
reaction proceeds when the boiling point of water is quickly reached [40]

Alkaline water Mg alkaline water has a pH of 8.5–10 (vs. pH of water = 7–7.4). Pure Mg, Mg-
Zn alloy, and Mg-Ca alloy are potential materials used. Al is not to be used as
Al is linked to Alzheimer’s disease

Fire starter Due to its high flammability in fine or powdered forms, it is an ideal choice
in this application. The fire starter is composed of an Mg block and flint
stone. Typical applications include military, leisure, and emergency [41]

Table 2.
Miscellaneous applications of magnesium-based materials.
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opment, for the abovementioned as well as other applications in both commercial
and military aircrafts, advanced higher-performance magnesium alloys and com-
posites that are also ignition-resistant or ignition proof and corrosion-resistant suit
the requirement of the aviation industries and can help in achieving sustainability
and protecting the environment [8, 15–17].

3.1.3 Electronic sector

In consumer electronic industries, due to the shortcomings of plastics that do not
shield the electromagnetic radiations, have poor stiffness, and generate enormous
scrap of electronic equipment, there is a need for nontoxic lightweight materials
that can match the density of the commonly used plastics and perform better than
that of plastics. These attributes are the reason that makes magnesium-based mate-
rials very lucrative as magnesium can be remelted, reused, and recycled. Its elec-
tromagnetic shielding capacity (65–66 in 0.5–13 GHz frequency range) is the same
or even superior to that of aluminum alloys (59–65 in 0.5–13 GHz frequency range)
[18–20]. Magnesium is currently one of the most sought-after materials for making
the casings, frames, panels, and other parts in the electronic items such as mobile
phones, laptops, cameras, etc. [21].

3.1.4 Biomedical sector

Mg is the fourth most abundant ion in the human body and assists in several
functions like aiding bone health and multiple metabolic processes in the body
besides being antibacterial and attracts attention as an excellent biomaterial [22].
Since magnesium is both biocompatible and biodegradable, it is the best fit to be
used in the body as a nonpermanent biodegradable implant as it (i) reduces patient
trauma; (ii) requires no revision surgery; (iii) reduces doctor’s time; and (iv)
reduces medical costs [23]. Further, it is also required by the body as it is instru-
mental for about 300 enzyme systems and assists in energy production and synthe-
sis of nucleic acid in the body [24]. Further, there is good evidence for the use of
supplemental Mg in various cardiac arrythmias, preeclampsia/eclampsia, migraine
headache, diabetes and related complications, metabolic syndrome, premenstrual
syndrome, asthma, and hyperlipidemia [24], indicating the significance of
magnesium in human bodies and biomedical sectors.

3.2 Nonstructural applications

3.2.1 Alloying element to aluminum

On par with its direct structural applications, magnesium is used primarily as an
alloying element to Al (about 40% of magnesium produced globally is used for
alloying with aluminum). Magnesium is alloyed with aluminum up to 30% catering
to suit a range of applications including pyrotechnics [29]. Some applications of
Al-Mg alloys are as sheets in automobile applications and shipping industry due to
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their good mechanical properties, castability, and superior corrosion resistance,
owing to the presence of elevated magnesium content [30].

3.2.2 Refining titanium

Magnesium acts as a reducing agent in the production of titanium, beryllium,
zirconium, uranium, and hafnium. It is the second largest use of Mg in a
nonstructural market. In applications related to organic chemistry, magnesium is
also used in industrial synthesis such as the Grignard reaction. Particularly, Mg is
important for production of Ti sponges [31].

3.2.3 Steel desulfurization

Sulfur (0.025–0.03% S) is damaging to steel and causes brittleness. Hence,
desulfurization of steel is done by exploiting the high affinity exhibited by

Minor applications Advantages of using magnesium and other remarks

Sacrificial anode [35] High-resistivity environment that have high current output per unit weight
and inherent negative potential are particularly suitable for magnesium
anodes. Some applications include underground pipelines, domestic water
heaters, storage tanks, and other similar environments, where the galvanic
corrosion of steel can be prevented by employing magnesium anodes. With
suppressing the corrosion, the safety and resource conservation can be
increased as the number of leaks decrease drastically

Magnesium batteries
[36, 37]

A range of Mg batteries are under development in recent years for various
applications. One such application includes that of military applications
where magnesium is used in reserve cell batteries and dry cells. Magnesium
batteries have (i) long shelf life (up to 10 years), (ii) high cell voltage and
wide voltage range, (iii) high power density capacity, and (iv) lightweight in
their inactivated state

Hydrogen storage [38] Hydrogen is a plentiful yet largely untapped potential energy source.
Hydrogen fuel cell prototype engines are 3–4 times more efficient than
internal combustion engines. 10 kg of Mg can store roughly 0.67 kg of
hydrogen. Mg can absorb about 7.6 wt. % hydrogen, which makes it one of
the largest capacities among metal hydride alloys. Recently reported air-
stable magnesium nanocomposites assist in nanostructuring, resulting in
rapid storage kinetics by eliminating the need for usage of expensive heavier
metal catalysts

Flameless ration heater
(FRH) [39]

FRH is an exothermic chemical heater activated by water, applied to heat the
food (especially in meal, ready-to-eat (MREs)). Ration heat is generated in
an oxidation–reduction reaction which involves the transfer of electrons. US
military specifications for the heater require it to be capable of raising the
temperature of an 8-ounce (226.8 g) entree by 100°F (38°C) in 12 minutes
and that it has no visible flame. The ration heater typically contains finely
powdered magnesium metal, alloyed with a small amount of iron, and table
salt. A little amount of water is to be used to activate the reaction, and the
reaction proceeds when the boiling point of water is quickly reached [40]

Alkaline water Mg alkaline water has a pH of 8.5–10 (vs. pH of water = 7–7.4). Pure Mg, Mg-
Zn alloy, and Mg-Ca alloy are potential materials used. Al is not to be used as
Al is linked to Alzheimer’s disease

Fire starter Due to its high flammability in fine or powdered forms, it is an ideal choice
in this application. The fire starter is composed of an Mg block and flint
stone. Typical applications include military, leisure, and emergency [41]

Table 2.
Miscellaneous applications of magnesium-based materials.
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magnesium to sulfur. It is the third largest use of Mg in a nonstructural market.
Magnesium is added to molten iron or steel which helps in reacting with sulfur and
reduces the sulfur in the steel [32].

3.2.4 Iron nodularization

For nodularizing cast iron, magnesium is used to produce spheroidal graphite
cast iron or nodular cast iron. The addition of magnesium to cast material assists in
the formation of nodules instead of flakes resulting in improved ductility. Typically,
nodular cast iron is used in several components in automotive sector and pipes [33].

3.2.5 Photoengraving

Printing industry uses wrought (plates) of magnesium alloys for photoengrav-
ing. This is because Mg etches rapidly, hence creating a sharp impression. Further, it
also creates less hazardous by-products as compared to alternative metals [34].

3.3 Miscellaneous applications

Table 2 and Figure 3 list minor applications where magnesium is currently/can
be potentially employed.

4. Concluding remarks

In this introductory chapter, a snapshot on the diverse and multidimensional
properties and capabilities of magnesium is introduced. In view of the environ-
mental conservation and lightweighting, and to improve the fuel and cost

Figure 3.
Miscellaneous applications of magnesium in (a) nodularizing iron (image taken from [42]); (b) anodes, a steel
wide-beam canal barge showing a newly blacked hull is protected with the help of new magnesium anodes
(image taken from [43]); (c) fire starter, shavings, sharpener, and ribbons (image taken from [44]); (d)
desulfurization of steel (image reproduced from [45]); (e) new generation fast magnesium-ion solid-state
electrolyte batteries (image taken from [46]); and (f) flameless ration heater (image taken from [47]).
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efficiency, magnesium is strongly emerging in weight-critical structural applica-
tions such as in the automobile, aerospace, space, and defense sectors. Further, as
magnesium is light, recyclable, an excellent dampener, and an efficient electro-
magnetic shielder, it finds a remarkable place in the electronic industry. In addition,
with its biodegradability and nontoxicity coupled with its low elastic modulus,
almost matching that of the bone, it is a potential material as a nonpermanent
implant in the human body. It is also an extremely important element used in
several other applications such as alloying element to Al, refining of Ti, desulfuri-
zation of steel, fire starter, etc. Thus, magnesium is a potentially a very important
eco-friendly metal that is opening multibillion dollar markets in many
industrial sectors.
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Chapter 2

Synthesis of Magnesium Based 
Nano-composites
Srinivasan Murugan, Quy Bau Nguyen and Manoj Gupta

Abstract

Magnesium based nanocomposites are new lightweight and high-performance 
materials for potential applications in automotive, aerospace, space, electron-
ics, sports and biomedical sectors primarily due to their lower density when 
compared to aluminum-based materials and steels. Synthesis of magnesium-
based materials is relatively challenging and accordingly this chapter explicitly 
provides an insight into various techniques hitherto devised/adopted by various 
researcher for synthesizing magnesium based nano-composites (MMNCs). 
Overall processing of MMNCs often includes combination of primary and 
secondary processing. Primary processing fundamentally leads to the initial 
formulation and creation of MMNC ingots by solid, semi-solid or liquid state 
processing routes. This is followed by secondary processing that includes plastic 
deformation or severe plastic deformation to alleviate inhomogeneity, clustering 
of particles and fabrication defects to enhance the properties of the MMNCs. 
This chapter provides an insight into different fabrication methodologies, their 
benefits and limitations for MMNCs.

Keywords: magnesium, reinforcement, nano-composite, MMNC, synthesis

1. Introduction

Research on magnesium based-composites has seen sustainable growth in last 
four decades due to their light weight, higher strength to weight ratio, ductility, 
hardness, wear resistance and biodegradability [1, 2]. Magnesium based materials, 
in general, are currently targeted for applications in automotive, aerospace, elec-
tronics, sports and biomedical engineering. The driving force for intense research 
into magnesium-based nano-composites is to utilize them to mitigate global 
warming, energy consumption and land, air and water toxicity. The presence of 
reinforcement at nano-length scale leads to grain refinement leading to Hall-Petch 
strengthening and Orowan strengthening due to presence of nano-particles/fibers 
with diameter less than 100 nm [3].

The primary processing of MMNCs can be categorized in two groups i.e. ex 
situ and in situ routes [4]. In ex situ processing during fabrication of MMNCs the 
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Chapter 2

Synthesis of Magnesium Based 
Nano-composites
Srinivasan Murugan, Quy Bau Nguyen and Manoj Gupta

Abstract

Magnesium based nanocomposites are new lightweight and high-performance 
materials for potential applications in automotive, aerospace, space, electron-
ics, sports and biomedical sectors primarily due to their lower density when 
compared to aluminum-based materials and steels. Synthesis of magnesium-
based materials is relatively challenging and accordingly this chapter explicitly 
provides an insight into various techniques hitherto devised/adopted by various 
researcher for synthesizing magnesium based nano-composites (MMNCs). 
Overall processing of MMNCs often includes combination of primary and 
secondary processing. Primary processing fundamentally leads to the initial 
formulation and creation of MMNC ingots by solid, semi-solid or liquid state 
processing routes. This is followed by secondary processing that includes plastic 
deformation or severe plastic deformation to alleviate inhomogeneity, clustering 
of particles and fabrication defects to enhance the properties of the MMNCs. 
This chapter provides an insight into different fabrication methodologies, their 
benefits and limitations for MMNCs.

Keywords: magnesium, reinforcement, nano-composite, MMNC, synthesis

1. Introduction

Research on magnesium based-composites has seen sustainable growth in last 
four decades due to their light weight, higher strength to weight ratio, ductility, 
hardness, wear resistance and biodegradability [1, 2]. Magnesium based materials, 
in general, are currently targeted for applications in automotive, aerospace, elec-
tronics, sports and biomedical engineering. The driving force for intense research 
into magnesium-based nano-composites is to utilize them to mitigate global 
warming, energy consumption and land, air and water toxicity. The presence of 
reinforcement at nano-length scale leads to grain refinement leading to Hall-Petch 
strengthening and Orowan strengthening due to presence of nano-particles/fibers 
with diameter less than 100 nm [3].

The primary processing of MMNCs can be categorized in two groups i.e. ex 
situ and in situ routes [4]. In ex situ processing during fabrication of MMNCs the 
major issue is particle clustering. High surface energy navigates to poor wettability 
of particles/fibers with the matrix during liquid and semi-solid processing. These 
clustered particles lead to reinforcement distribution inhomogeneity in the matrix 
leading to inferior properties in as-cast state. Such non-uniform distribution can 
only be reduced through judicious secondary processing step.
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The common liquid and semi-solid ex situ process are stir casting/melt stirring, 
ultrasound cavitation, disintegrated melt deposition (DMD) and Rheocasting. The 
solid-state ex situ syntheses are powder metallurgy (PM), severe plastic deforma-
tion (SPD) by accumulative roll bonding (ARB) and plastic deformation by friction 
stir processing. The in-situ processes eliminate the reinforcement clustering, since 
the reinforcements are distributed in the matrix by thermodynamic and chemical 
reaction during the process.

The MMNCs processed by ex situ route commonly exhibit microstructural 
defects such as dendrites, pores, and micro cracks. These require careful character-
ization followed by using a secondary processing technique that can target the prop-
erty enhancement required by end application. The common secondary processes 
are thermal treatment, hot extrusion, hot rolling, equal channel angular pressing 
(ECAP) and cyclic extrusion and compression (CEC).

The prime objective of this chapter is to provide an overview of various process-
ing methods used currently for synthesizing MMNCs, their benefits and limita-
tions. Critical observations made by other researchers are also highlighted in this 
chapter.

2. Processing methods

The processing methodology for fabricating magnesium based nano-composites 
(MMNCs) normally includes coupling of primary and secondary processing. In 
primary processing (solid, liquid or two phase), the matrix (master alloy) and the 
reinforcements are blended together by the application of thermal or mechanical 
energy to form a composite. During primary processing some undesirable effects 
are introduced in the composites such as porosity and non-uniform distribution of 
reinforcement voids. To minimize these defects, secondary processing is utilized 
to attain a relatively homogeneous microstructure and enhanced mechanical 
properties.

2.1 Primary processing

Primary processing techniques are grouped into liquid state, semi-solid and 
solid state processing types. The liquid state processes are stir casting, ultrasonic 
cavitation (UST), disintegrated melt deposition (DMD), in-situ processing. 
Rheocasting is a semi-solid composite primary processing. The soil-state fabrica-
tion includes powder metallurgy (PM), accumulated roll bonding (ARB) and 
friction stir processing (FSP). These techniques are briefly introduced in following 
subsections.

2.1.1 Stir casting

Stir casting is one of the most common liquid-phase technique utilized for 
processing MMCs for almost last four decades. The schematic of stir casting setup is 
shown in the Figure 1.

For processing MMNCs, the Mg ingots are melted in a crucible made of graphite 
or steel at a temperature between 680 and 750 °C in an electric resistance or induc-
tion furnace. The liquid melt is mechanically stirred using a coated impeller. The 
coating is provided onto the impeller to avoid erosion by abrasion and chemical 
reaction. Predetermined amount of nano-reinforcement is introduced in molten 
metal along the side of the vortex. The reinforcements were distributed in the 
melt due to the difference in pressure from the inner to outer surface of the liquid 
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vortex. The vortex is shielded using inert atmosphere to avoid oxidation /ignition. 
Alternatively, to overcome agglomeration/clustering, the powders of magnesium 
and the nano reinforcement are ball milled together prior to addition. The liquid 
slurry is stirred for ~10 min to homogenize the mixture. After homogenization, the 
liquid slurry is poured into a permanent mold. MMNCs reinforced with Al2O3, SiC 
and CNTs are commonly synthesized using stir casting technique [5–16].

The benefits of stir casting include: (a) ease of processing, (b) economical, and 
(c) scalability to ensure large volume production. Disadvantages of stir casting 
includes: (a) unavoidable agglomeration of reinforcement and (b) porosity.

2.1.2 Ultrasonic cavitation method

One of the main drawback of the stir casting technique is its inability to avoid 
agglomeration of nano-reinforcement due to their larger surface energy. This causes 
inferior mechanical properties of the end composites. Ultrasonic (UST) cavitation 
method is a relatively more effective technique to disperse the reinforcement into the 
matrix material in MMCs [17]. By introducing the ultrasonic waves with power and 
frequency range of as low as 1.5–4.0 kW and 17.5–20 kHz the agglomerates can be 
fragmented, and a uniform distribution of reinforcement can be realized in the liquid 
melt. This method has been adopted so far to produce MMNCs reinforcing with CNTs, 
AlN, SiC, B4C and Al2O3 [17–35]. The schematic of UST setup is shown in the Figure 2.

Figure 1. 
Schematic of stir casting setup.
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In the UST process, the Mg alloy is placed in a graphite crucible and heated to the 
desired temperature using a resistance/induction furnace. Predetermined amount of 
reinforcement is than added depending on the size of the particles. During process-
ing, Mg melt is protected using argon gas (flow rate of 20 lpm) to avoid oxidation. 
High-intensity ultrasound shock waves [16] are supplied to disperse nano-particles 
thoroughly in the melt at semi-solid temperature. The ultrasonic processing tem-
perature is chosen so as to ensure better flowability of the slurry in the mold.

The selection of material for sonotrode plays a vital role in MMNCs melting 
due to the erosion of sonotrode surface during melting of liquid metal. For better 
sonification of MMNCs, niobium (Nb) and titanium (Ti) are recommended by the 
researchers. Ti-based sonotrodes are widely used for UST treatment due to lesser 
costs when compared to Nb-based sonotrodes. To note that Nb-based sonotrode 
exhibit less variation in the Young’s modulus as the function of temperature while 
Ti-based sonotrodes are very stable in MMNCs melt as Ti is insoluble in Mg. Earlier 
findings have indicated that the high-intensity UST vibration needs an intensity 
of 100 W/cm2 [4]. For large scale volume production, the requirement of sonifica-
tion is likely to be higher. The large-scale production of MMNCs require enormous 
power and frequencies. The key issue is reducing rate of sonification by decreas-
ing the volume of the melt during UST. This can be achieved in two steps firstly, 
preparing the melt with reinforcement and secondly, passing the liquid melt into a 
sonotrode assisted UST chamber for fragmenting particle clusters. Further work is 
required in this area especially regarding scalability.

2.1.3 Disintegrated melt deposition method (DMD)

DMD technique is a hybrid technique that incorporates the concepts of casting, 
melt stirring and spray forming process [36–45]. In DMD, the processing steps 
involve:

a. Heating matrix material and reinforcement in a graphite crucible (ceramic 
bonded clay graphite) to a desired superheat temperature. Mg and its alloys (in 
the form of chips or turnings) and reinforcement are placed in alternative layers.

b. Stirring of reinforcement at ~ 450 rpm for 5–10 min using a Zirtex 25 coated 
stainless-steel impeller realize uniform distribution.

Figure 2. 
Schematic representation of UST [4].
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c. Bottom pouring of the slurry and disintegration of slurry through 10-mm 
annular diameter graphite nozzle.

d. Disintegration of slurry using two argon gas jets.

e. Deposition of disintegrated slurry into a steel mold to get 40-mm ingots.

DMD processing is carried out under argon inert atmosphere to minimize oxida-
tion. Experimental setup of DMD process is shown in Figure 3. The advantages of 
the method include:

a. Bottom pouring of the liquid slurry to ensure almost 100% yield.

b. Disintegration of molten slurry using low pressure gas jets to ensure improved 
particle distribution and microstructural homogeneity.

c. Use of argon gas rather than SF6 (greenhouse gas) to prevent oxidation.

2.1.4 In-situ casting processing

In-situ casting of MMNCs is a very versatile and an economical process to 
synthesize MMNCs. The reinforcements are formed and controlled by metallurgical 

Figure 3. 
Schematic drawing of DMD [35].
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reactions between principal alloy and the additives [46–50]. The type and num-
ber of additives are chosen based on final formulation of the matrix and volume 
fraction of the reinforcement. Reaction temperature is a key parameter in process 
design of in-situ MMNCs to ensure the desired matrix and the reinforcement phase. 
An example of creating in-situ Mg-Zn/MgO composites includes the use of Mg 
and ZnO as starting materials and heating them to a predetermined temperature to 
ensure the feasibility of the following two reactions (Eqs. (1) and (2)):

  Mg + ZnO = > MgO + Zn  (1)

  Mg + Zn = > Mg—Zn  (2)

Chelliah et al. [46] synthesized magnesium-polymeric derived ceramic (PDC) 
silicon carbonitride (SiCNO) nano composite by liquid pyrolysis using stir casting 
technique. The liquid poly (urea-methyl-vinyl) silazane (PUVMS) was used to 
formulate magnesium nano-composite. In this method, magnesium was melted in 
a steel crucible using a resistance furnace at a temperature of 700 °C and shielded 
with Ar-5%SF6 gas. The melt was stirred mechanically at 600 rpm to form vortex 
and the liquid PUVMS was injected to the melt. The melt was stirred for 15 min to 
ensure thorough pyrolysis. The liquid melt was bottom-poured into a rectangular 
metal mold preheated at 300 °C. Mg/nano- SiCNO composite was fabricated 
exhibiting uniform distribution of the reinforcement (Figure 4).

The benefits of in-situ MMNCs include: (a) uniform distribution of the reinforce-
ment, (b) elimination of particle wettability issue, and (c) clean and strong matrix-
particle interface. The disadvantages of in-situ techniques, in general, are scalability and 
the amount of reinforcements that can be created using the in-situ reactions.

Figure 4. 
Experimental setup of liquid pyrolysis stir casting [45].
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2.1.5 Rheocasting technique

Rheocasting is a semi-solid casting method where the matrix is processed in 
liquidus-solidus (L-S) zone. In this so called semi-solid zone, the reinforcement 
particles are added, and the resultant slurry is thoroughly stirred to ensure uniform 
distribution of the reinforcement. Following stirring, the semi-sold composite melt 
is tapped into a permanent mold. Often cleaning and degassing of the slurry is car-
ried out to avoid oxidation and formation of inclusions.

A MMNC of Mg (AZ91E) with Al2O3n (50 nm) was synthesized using a semi-
solid Rheocasting process [51]. The Mg ingots were placed in boron nitride coated 
mild steel crucible. The melt was formed in the metal crucible at 750 °C using 
electric resistant furnace. The slurry was degassed using argon to avoid oxida-
tion. The reinforcement (Al2O3n) was then added to the slurry at semi-solid (L-S) 
temperature (~590 °C). The melt slurry was stirred using a mechanical stirrer. 
The MMNCs slurry was subsequently poured into a permanent mold for further 
characterization.

The benefits of this technique include: (a) spheroidal/equiaxed grains and no 
dendrites, (b) less shrinkage and porosity and (c) lower operating temperature.

2.1.6 Powder metallurgy

Powder metallurgy (PM) [52] is one of the most common solid-state synthesis 
method for magnesium based nano-composites [53–60]. The steps followed in PM 
are shown in Figure 5. In the first step metal alloy and ceramic particle in powder 
form are blended/mixed together to get homogenous mixture. The mixing param-
eters are decided based on the density difference between metal/alloy and rein-
forcement powder. The blended powders are subsequently compacted using a cold 
press or hot press or hot isostatic press. Finally, the green compacts are sintered by 
heating to a predetermined temperature to regain mechanical properties. Near-net-
shaped components with simple geometries can be fabricated by PM technique.

Figure 5. 
Step in PM.
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Figure 7. 
Hybrid microwave sintering setup [52].

Several magnesium-based alloys, conventional and nanocomposites (e.g. 
Mg/3wt%Al/0.1wt%GNP) have be synthesized using PM technique. Typical process-
ing steps include blending or mechanical alloying the predetermined amounts of metal 
and ceramic powder with or without steel balls using a planetary ball mill at a speed 
of 200 rpm for 1 h. A typical planetary type ball mill setup is shown in Figure 6. The 
composite powders obtained from blending step are subsequently compacted using 
a 100 T hydraulic press to attain a billet of ~35 mm diameter and height of 40 mm. 
Compacted billets can be sintered using a conventional furnace or microwave based 
sintering. Heating time during microwave sintering is kept with 16 min. Conventional 
microwave 0.9 kW power and 2.45 GHz operating frequency can be used. The sche-
matic diagram of microwave sintering set-up is shown in Figure 7.

2.1.7 Accumulative roll bonding

Accumulative roll bonding (ARB) is a solid-state severe plastic deformation 
technique used to produce layered composite stacked with either similar or dis-
similar alloys sheet and reinforcements [61–64]. The final output of the ARB 
process depends on the process variables namely weight percent of the alloys and 
the reinforcement, number of rolling cycles and the temperature. The benefits of 
the process are grain refinement from fine to ultra-fine, fragmentation of reinforce-
ment clusters and their subsequent uniform distribution. To realize best possible 

Figure 6. 
(a) Diagram shows the steel vial with steel balls and (b) planetary ball mill [2].
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results, the sheets need to be pretreated by grinding and polishing for descaling 
oxides and to make friction free surface. Degassing process is also often used. The 
schematic setup of the ARB is shown in Figure 8.

Monolithic aluminum (Al) and AZ31 magnesium [61] strips of 1 and 0.5 mm 
thickness were cut to 150 × 50 mm rectangular strips. The strips were annealed at 
400 °C for 2 h and furnace cooled near ambient temperature to soften the strips 
prior to rolling. The sheets were ground, polished, degassed and cleaned prior to roll-
ing. In a steel vial Al and nano-alumina (<50 nm) powder were purged along with 
0.5 and 1 mm in diameter steel balls. Milling of Al-alumina powder was conducted 
at 300 rpm and ball-to-powder ratio of 20:1 for six cycles, each of 45 min duration 
with a dwell time of 15 min to eliminate undesirable rise in temperature. The milled 
Al-alumina particles were uniformly spread between the strips for better wettability. 
The stacking was done as Al/AZ31/Al with reinforcement powder in between. The 
stack was fastened by copper wires to avoid slipping. The assembly was preheated in 
the temperature range of 300–350 °C for 15 min in an air furnace. 50% reduction was 
maintained at each rolling stage. Rolling was carried out for four times.

Accumulative roll bonding has yielded good combination of properties due to 
enhanced microstructural aspects and is investigated further for scaling up.

2.1.8 Friction stir processing (FSP)

Friction stir processing is a solid-state plastic-deformation-based synthesis 
method (Figure 9). It can be used to build nano-composite layer/surface composite 
as well as bulk composites of limited thickness/dimensions. It often leads to uniform 
distribution of reinforcement and refined grain size [65–70]. The FSP process uses a 
shouldered rotating tool that pass over the matrix containing nano-ceramic par-
ticles. During the translational movement of tool, matrix get plastically deformed 
and reinforcement gets simultaneously incorporated in the matrix. The stirring 
action enables uniform distribution and refine grained structure of the fabricated 
composite.

The α-Al2O3 nano-particle reinforced AZ31 composite [65] was fabri-
cated using friction stir processing technique. The Mg rectangular plates of 
600 × 100 × 10 mm were cut for preparing the composite. The ceramic particles 
were spread into a groove of width and depth 1.2 × 5 mm cut in the plates as 
shown in the Figure 8. Two types of shouldered tools were used to form the com-
posite, one pin less shoulder and the other shoulder with a pin of 5 mm height 

Figure 8. 
Steps in synthesizing nano-composites using ARB [61].
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Figure 7. 
Hybrid microwave sintering setup [52].
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Figure 6. 
(a) Diagram shows the steel vial with steel balls and (b) planetary ball mill [2].
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and diameter of 6 mm. The pin less tool was fed first to prevent the nano-phase 
getting distorted from the groove. The second tool with pin was then passed to 
complete the process. The tool rotation (800–1400 rpm) and the traverse speed 
(45 mm/min) were varied to obtain the desired strength and structure of the 
composite. Higher hardness was observed due to grain refinement at higher tool 
rotational speed.

2.2 Secondary processing methods

Secondary processing is essentially performed on primary processed compos-
ites to eliminate/minimize defects and microstructural irregularities to enhance 
mechanical properties such as strength, hardness etc. Secondary processing meth-
ods include bulk deformation process such as extrusion/rolling/friction stir pro-
cessing and severe plastic deformation processing methods such as equal channel 
angular pressing (ECAP) and cyclic extrusion and compression (CEC).

2.2.1 Extrusion

The MMNC billet is stressed under high pressure ram inside a die which quanti-
tatively reduces the irregularities like pores, cavity, voids and cracks formed earlier 
in primary processing methods. Normally carried above recrystallization tempera-
ture, the hot extrusion processes can be categorized into;

1. Forward or direct extrusion

2. Backward or indirect extrusion

The difference in the two method is the flow of billet direction. The billet 
extruded on the direction of the ram is direct extrusion while in the backward 
extrusion, the billet is extruded opposite to the direction of movement of ram. 
Typical forward extrusion process in shown in Figure 10. The key process param-
eters are extrusion ratio, temperature during extrusion and the speed of the ram. 
Extrusion ratio in the ratio between initial to the final cross section of the billet. The 
working temperature and environment should be optimally decided to eliminate 
oxidation during extrusion.

Figure 9. 
FSP fabrication stages from 1 to 3 for Mg nano-composite [67].
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2.2.2 Rolling

Rolling is a plastic deformation process in which the MMNCs are deformed by 
passing through set of high-pressure rolls. The MMNCs are deformed plastically by 
compressive stress and squeezing action between the rolls. The process enables the 
MMNCs to obtain fine grain microstructure and eliminates defects caused in the 
primary processing. The benefits include fine grain microstructure and enhanced 
mechanical properties of the material. The process parameters are percentage 
reduction, temperature and the number of passes to achieve the final thickness on 
the MMNCs. Rolling is also normally carried out a higher temperature to minimize 
the load required for plastic deformation.

2.2.3 Equal channel angular pressing (ECAP)

ECAP (Figure 11) is used to form ultrafine-grained (UFG) microstructure 
MMNCs. The MMNC billet is passed through two channeled die with identical cross 
section that intersect at an angle Φ (channel intersection angle). During the process 
the billet undergoes severe plastic shear deformation (SPD) without altering the 
geometrical cross-section. The process is normally repeated for several passes in 
order to attain UFG structure. Different routes followed namely A, BA, BC and C 
as discussed elsewhere [71]. Previous researcher [71] reported that when Φ is 90°, 
enhanced grain refinement is realized due to increase in the shear strain (γ). The 
shear strain for the individual passes can be obtained by:

  γ = 2 cot  (  Φ __ 2  )   (3)

In an earlier research [16] conducted on Mg-9Al-1Si-1SiCn composite, 
ECAP was performed at a temperature of 360 °C. Route BC was chosen with 

Figure 10. 
Schematic representation of direct extrusion process.
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ram speed of 2 mm/min. Homogenization heat treatment was carried prior to 
ECAP. Homogenized ECAP composite billet exhibited superior ductility and tensile 
strength.

2.2.4 Cyclic extrusion and compression (CEC)

CEC is another type of SPD technique in which the MMNC ingot is passed 
through the annual die to attain a fine-grained microstructure shown in Figure 12. 
The fine-grained structure in the ingot is realized using optimal temperature and 
the number of reciprocating passes. A typical setup of the CEC is shown in the 
figure below.

AZ91D/SiCn nano-composite was fabricated with refined grain structure using 
CEC [72]. Fabrication using the CEC was performed by varying the operating 
 temperature from 300 to 400 °C and up to eight passes were made. Superior  
hardness with refined grain structure were observed.

Figure 11. 
Schematic diagram of four ECAP routes [71].

Figure 12. 
Schematic diagram of CEC setup [35].
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3. Conclusion

Present chapter provides an insight into the magnesium nano-composites that 
are emerging as potential candidates in many weight-critical engineering appli-
cations ranging from aerospace, automotive to sport industries. Not only they 
are significantly lighter than aluminum and titanium, they can also be processed 
using both conventional and advanced processing methods. Stir casting is the 
most traditional high-volume production technique capable of generating a 
uniform dispersion of nano-particles in the magnesium matrix. An improvement 
using the ultrasonic cavitation as a mean to disperse the nano-reinforcement 
is already attempted with promising results. Furthermore, disintegrated melt 
deposition technique has proved to be the most effective one because of its capa-
bility to well disperse the nano-additives and refine the microstructure which 
results in excellent mechanical properties. DMD is also a scalable technique. A 
different approach to create magnesium based nano-composites employing the 
chemical reaction to form nano-intermetallics during the casting period is called 
as in-situ casting. A semi-solid casting technique called Rheocasting applied 
slurry characteristics to mix the nano-particles into the matrix. The magnesium 
nano-composites could also be processed using powder metallurgical methodol-
ogy where the raw matrix material and reinforcements are pre-mixed in powder 
forms using ball milling followed by compaction and sintering. Other solid-state 
processing techniques such as accumulative roll bonding and friction stir pro-
cessing have shown tremendous promise as well. This chapter also introduces 
conventional and advanced secondary processing techniques such as extrusion, 
rolling, equiaxed channel angular pressing, and cyclic extrusion and compres-
sion. The utilization of secondary processing techniques along with primary 
processing techniques can lead to enhanced microstructural properties that are 
key to improved mechanical performance and reliability.
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Chapter 3

Severely Plastic Deformed 
Magnesium Based Alloys
Ramesh Kumar Subramanian, Arun Kumar Srirangan  
and SreeArravind Mani

Abstract

Magnesium can be replaced with materials which experience strain controlled 
fatigue in their respective applications. Still, there are infrequent predicaments with 
utilizing magnesium alloys, comprising lower strength, fatigue life, ductility, tough-
ness, and creep resistant attributes correlate with aluminum alloys. Some recent 
studies have been affirming that through the severe plastic deformation process, par-
ticularly equal-channel angular pressing (ECAP) method promotes very significant 
ultra-grain refinement in bulk solids, which enhances the mechanical properties. 
ECAP with a 90° clockwise rotation around the billet axis between consecutive passes 
in route BC has improved the ductile characteristics with increased yield strength and 
rate of elongation which leads to a greater fatigue life because ultra-fine grain refine-
ment can be able to resist the crack propagations. To attain the plasticity at higher 
temperature magnesium and its alloys are required to undergo extrusion operation 
before proceeding to the multiple pass ECAP at 200°C because the magnesium alloys 
exhibit a limited number of slip systems due to its hexagonal crystal structure.

Keywords: magnesium, severe plastic deformation, ECAP, ultra-fine grains, texture

1. Introduction

In today’s engineering world, light-weight materials have gained much attention 
because of demand in low-cost production and increasing efficiency through weight 
reduction. Correspondingly, Magnesium is one of the materials which attributed in the 
lightweight material category after aluminum and its alloys. Magnesium and its alloys 
have some unique application in aerospace and other engineering sectors. But due to 
some characteristics regarding the manufacturing process such as complex in form-
ing the components and other cold working processes [1]. Particularly in Biomedical 
application, magnesium has some restriction since Mg dissolves in the body fluid 
during the restorative process, so degradation of magnesium has to be controlled [2]. 
One is the low mechanical properties comparing with the bioinert titanium alloys, 
which makes their application limited in load-bearing implants. Another one is the fast 
degradation behavior, which involves the gas cavity and high alkaline microenviron-
ment around the implants leading to a poor osteointegration. The mechanical process-
ing of magnesium alloy at elevated temperature influences the grain distribution.

Normally a combination of fine grain structure and coarse grain structure 
are formed through the various forming operation of wrought materials, and 
homogeneous grain structures obtained by the cast formed materials [3]. During 
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cold working, the fine grain formed along with the boundaries in the magnesium 
wrought materials which through the dynamic recrystallization and the distribution 
is multi-modal [4]. Normally area of the cross section has been reduced through the 
total plastic deformation method at certain temperature range. Consequently, the 
methods mentioned above are not having enough capacity to form homogeneous 
grain refinement at the initial structure and make the grain structure distribution 
the multimodal phase [5].

For the last few years, the development of plastic deformation technology, which 
includes the equal channel angular pressing (ECAP) is emerging [6]. The limita-
tion in the plastic deformation of magnesium alloys will neglect through the SPD 
technique, so severe plastic deformation of magnesium and its alloys initiate the 
probability for manufacturing the ultrafine grain materials along with the increased 
mechanical properties and additionally the superplastic capabilities also experi-
enced by the formed material [7].

Towards the application, ECAP paved a path for refinement of grains in the 
lightweight materials, particularly in concern aluminum and magnesium alloys. In 
concern with f.c.c metals, misorientation in the low angles boundaries and align-
ment of the elongated subgrains in parallel to the primary slip will occur when the 
sample subjected to severe plastic deformation [8, 9]. Followed by the first pass, the 
upcoming passes designed to induce further refinement of grains and rearrange-
ment consistent with the dislocation theory for low energy structure [10, 11] after 
the multiple passes in the ECAP, a set of equiaxial grains which in different angles. 
The structure changes have been accounted in many metals having f.c.c arrange-
ment, which also constitutes aluminum [12]. On the contrary, by using the ECAP 
process, UFG can be obtained from the magnesium alloys, and grains get refined by 
the subsequent passes [13].

During the ECAP process of the magnesium and its alloys, grain refinement 
depends on the number of passes, channel angle, die angle, and the initial grain 
structure before to the ECAP. By varying the various parameters of the ECAP pro-
cess, including the temperature, Mg will exhibit diverse morphology such as grain 
orientation, distribution, size in multimodal type after SPD [12, 13]. Many studies 
focused on analyzing the microstructure and the mechanical properties after ECAP 
processing.

As explained, the pattern specified for the grain refinement channels towards 
a usual perception of the several articles resembling in the research literature and 
lead to understanding the ability for the further structure of grain formed under 
the various condition during SPD of magnesium alloys. In magnesium alloys, grain 
refinement defined in a simple way [14]. This statement is crucial for highlighting, 
though, that exact grain refinement mechanism elaborated which authorizes various 
structure formations based on the experimental circumstances including those 
primary inferences towards maximum processing steps in SPD of magnesium alloys. 
Different methods regarding severe plastic deformation consistently engage in devel-
oping the process and regarding the nanostructure formation in the samples [15].

Under the certain experimental circumstance getting the ultrafine-grained 
structure along with predominating boundaries oriented in the high degree of angle 
and it will be varied according to materials. Furthermore, the nanostructure forma-
tion in the alloy during the ECAP process is stable in the entire uni, which required 
for providing durable characteristics for the metals [7, 13]. Followed by, ensuring 
the ECAP processed samples for mechanical damages or any penetrated cracks in 
the material. The other methods of SPD will not meet the requirements as above, 
such as drawing, hot extrusion, and rolling. Nanostructure formation in the samples 
is only possible with the mechanical deformations at relatively low temperature as 
well as optimal parameters for material processing [16].
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2.  An examination of reports of microstructures produced  
in Mg and magnesium alloys

To make a competent design, it is essential to analyze different grain structures 
of magnesium and its alloys, which processed through the ECAP [17]. An initial 
documented reports organized, and general review presented in Table 1 for pure 
magnesium and magnesium alloys, which processed through ECAP.

The outcome in the given Table 1 indicates the utilization of an ECAP die set 
up with the 90 internal channel angle, operating with and without back pressure, 
and the expected outcomes notified in the column number six of Table 1. From 
the table, A and B represent the heterogeneous and homogeneous grain structure, 

Alloy Initial 
grain 
size 

(μm)

Final 
grain 
size 

(μm)

Inter-
mediate 

structure

Structure 
after 

multiple 
passes

Additional 
information

References

AZ31 48.3 2.5 A B _ [18]

AZ31 48.1 1.4 B B U = 100 L [19]

AZ31 2.5 0.7 — B U = 110 L [20]

AZ31 15–22 1 A B BP-ECAP (423 K) [21]

AZ31 5–30 1.9 A B Pre-deformed by 
extrusion

[22]

AZ31 5–30 2.2 A B U = 110 L [23]

AZ31 450 1–3 A A [24]

AZ31 20 1–2 — B Pre-deformed by 
hot-rolling

[25]

AZ31 10–20 3.0 A B [26]

AZ31 10 3.2 — B Pre-deformed by 
rolling

[27]

AZ31 7–20 2 A B Route A [28]

AZ31 15–22 0.9 A B BP-ECAP [29]

AZ31 28 8 A — One pass of 
BP-ECAP

[30]

AZ61 16 0.62 B B Pre-deformed by 
extrusion

[31]

AZ91 0.5 — B Pre-deformed by 
extrusion

[32]

AZ91 40 1.2 A B Route C [33]

Mg 
(pure)

400 120 — B — [34]

Mg 
(pure)

200 20 A A — [35]

Mg 
(pure)

900 70 A B — [36]

Mg–
0.9% 
Al

100 17 — B — [34]

Table 1. 
Comparison of experiments conducted on pure magnesium and a range of magnesium alloy.
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respectively. BP indicates the back pressure, and U is for the channel angle within 
the die. Then ECAP routes defined by route A indicate that ECAP processed with-
out any specimen rotation in-between the two passes, BA indicates the specimen 
rotation of 90° in the alternative direction in-between the passes and C denotes the 
rotation of 180° in-between the passes.

From Table 1, we can observe that materials represented in the first column, 
the grain sizes of the material before and after ECAP provided in the following 
columns. Then followed by that intermediate stage in the ECAP process is given in 
the fourth column and the fifth column provided with the additional information 
regarding the total number of passes. Finally, the references provided in the last col-
umn. Additionally, the structure of the grain after processing with the ECAP have 
given in the notation of Bi-m and Trim to indicate the grain distribution, whether it 
is tri-modal or Bimodal correspondingly.

From the interference of Table 1 observation of the distribution of the heteroge-
neous grain size has done after many passes, particularly while the grain size is large 
at the initial stage. Certainly, grains were heterogeneous at the initial stage in which 
the size of the grain ranges from the minimum 45.5 μm for magnesium alloy ZK60 
to a higher grain size range of 640 μm magnesium alloy AZ31. From the observa-
tion made from the existing investigation, with the minimum number of ECAP 
passes, the homogeneous grain arrays can obtain with the average grain size of 
~40 μm. The high-temperature ECAP processed help to form the homogenization: 
for instance, the grain size with bi-modal configuration with homogeneity attained 
with six ECAP passes at the temperature of 423 K in the magnesium AZ31 alloy. 
In Magnesium-Zn alloy bi-modal distribution is obtained in grain size in which 
initially the fine and coarse grains have found.

From Table 1, there were two significant limitations found; one is the results 
illustrated that by considering the process limitations, the initial structure might 
exhibit the homogenous distribution, tri-modal or bi-modal grain size distribution. 
And another observed one is when the grain size is larger, or it formed in coarse 
then the bi-modal distribution in the grain size is preferred. These were the two 
important consideration which made based on the grain structure.

3.  A model for grain refinement in Mg and magnesium alloys 
processed by ECAP

From Figure 1, which shows the patterned design model which created based on 
the grain structure formation of ECAP processed of magnesium alloys. The design 
raised based on the assumption of grain size and distribution on the initial stage 
and mechanism which proposed earlier regarding the grain structure.

The various grain structure at the initial stage, which is before the ECAP is 
shown in Figure 1a, d, g, and j. In which dc, the critical grain size integrates with 
the concept which effectively reduced the size, which initiates the nucleation with 
proper homogenization during the processing of the materials. The structure of the 
grain and its refinement process is given below.

Particularly, the initial structure of the coarse grain at the initial stage with the 
size, d and the grain size, d, is larger than dc (d >> dc), which is the critical grain 
size which shown in Figure 1a, d, and g. From Figure 1j, d < dc, which means the 
initial grain structure is granular than the critical size. In certain, the grains which 
attained homogenous nucleation in which entire grain structure is non-basal slips. 
Furthermore a complete has been yet to be considered to improve the standard of 
the processing parameters, and it is important to expect that it will rely on kind of 
alloy and temperature for processing of ECAP and present investigations show that 
back pressure also a dependent factor for the grain structure.
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From the second column of Figure 1, which illustrates the grain structure 
formed after one pass. Followed by that third column indicated the grain structure 
formed after more than one number of passes. Where the structure of the initial 
size of the grain is comparably larger than critical diameter dc, as shown in the 
first column of Figure 1, the grain structure develops in the initial pass, such as the 
bimodal or multimodal distribution of the grain as shown in the second column of 
Figure 1. Subsequently, the region occupied by the extended cores of the grains at 
the initial stage and by the grains which newly formed after refinement have signifi-
cantly relied on the initial size of the grains which observed during the analysis of 

Figure 1. 
Patterned design on the refinement of grain of the ECAP processed Mg alloys. (a), (d), (g), (j) are the initial 
grain structure whose grain size can be termed as d>>dc, d>dc, d>dc and dc respectively. (b), (e) and (h) are 
the intermediate structure at the shear zone during the ECAP. (c), (f), (i) and (k) are the final structure after 
the pass [8].
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respectively. BP indicates the back pressure, and U is for the channel angle within 
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columns. Then followed by that intermediate stage in the ECAP process is given in 
the fourth column and the fifth column provided with the additional information 
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attained homogenous nucleation in which entire grain structure is non-basal slips. 
Furthermore a complete has been yet to be considered to improve the standard of 
the processing parameters, and it is important to expect that it will rely on kind of 
alloy and temperature for processing of ECAP and present investigations show that 
back pressure also a dependent factor for the grain structure.
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Figure 1. For a better explanation, differentiation among the cores of the initial 
grains which are usually larger which exist even after one pass of ECAP, the core 
regions mentioned above illustrated in the second column and the third column of 
Figure 1, in particular recently refined grains which indicated in the dotted region.

In Figure 1, the first row illustrates the condition of the grain structure at initial 
stage which is particularly coarse, because of that even after the one pass of ECAP 
the initial grains last and hold an extended region which shown in Figure 1b and the 
same grains may get unrefined until multiple passes which are shown in Figure 1c. 
From Figure 1b, it can be observed that twinning takes place across the larger 
grains, so it leads to refinement of grain accompanying with the twinning features. 
The condition where the critical size of the grain is very smaller than the initial 
grain size which made bi-modal or multi-modal grain distribution possible which 
continues even after the multiple passes of ECAP which shown in Figure 1c.

In defining the features of the newly developed grains, it is important to explain 
whether the grain size distribution is multimodal or homogeneous. The dc grain size 
variations observed from the first two rows in Figure 1 were the result of variation in 
the processing parameters particularly the temperature through the initial structure 
is similar which illustrated in Figure 1a and d. The fractional volume of the newly 
developed grains after one pass is small when compared to the initial structure 
because it is too coarse which observed from the first row of Figure 1 and this will be 
the cause for the formation of bimodal and multimodal distribution among the grain 
size after the multi passes of ECAP. Subsequently, the same initial structure subjected 
to the one pass of ECAP with different processing conditions such as lower strain rate 
and elevated temperature which resulted in the formation of new grains and occupy 
the extended region which illustrated in Figure 1e and also after multiple passes of 
ECAP the sample exhibits uniform grain structure as illustrated in Figure 1f.

After a single pass of ECAP, the grain size distribution becomes bimodal or 
multimodal by forming reasonably fine structures grains. But the existing grains 
or grain which not affected by the pass occupied lesser fraction area that the newly 
formed ones which illustrated in Figure 1g. Figure 1i shows, by multiple ECAP, 
passes, the grains get refined and resulted in the homogeneous distribution.

By having the initial grain size as smaller than the critical grain diameter as 
shown in Figure 1j, the homogeneous array distribution achieved through the single 
pass of ECAP as illustrated in Figure 1i and subsequently after many passes homo-
geneity remains the same.

From the mode, it concluded that bi- and multi-modal grain size distributions 
which formed through the ECAP were transitional and the distribution of the grains 
gets altered as ECAP passes the increase.

Spitale et al. processed ECAP in minimal temperature, which is about 250°C 
with the channel angle of 90° and with 45°of the radius of curvature. The plunger 
speed for the process is 0.1 mm/s. They observed the evolution of grain structure at 
different location of the deformation zone. Figure 2 shows the appearance of the 
structure entering the deformation zone [37].

The initial structure of the grain exists with the witness of twinning action. 
Grain boundaries observed with the serration like features. Grains with fine size 
within the range of 20 μm have witnessed within the region of grain boundaries and 
twins, which is developed from the initial grain structure, as shown in Figure 3. 
Apart from the certain limits from the grain boundaries and twins, fine grains were 
not witnessed with then fine grains.

From Figure 4, it witnessed that a large area occupied by the fine grains. The 
fine grains average size is around ~15 μm, which observed from the deformation 
zone. The fine grain distribution followed the necklace pattern which exists around 
the area of unrefined grain (>100 μm).
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4. Improved processing routes for ECAP with magnesium alloys

The processing routes influenced the final structure of the grain, failure of 
billet, and shear localization effect through the grain structure size distribution 
and refinement mechanism of the magnesium and its alloys. The formation of the 
shear bands is due to the concentration of the thin layer which belongs to the newly 
formed grains along with the existing grain boundaries. This shear concentration 
occurs in a layer due to the nearby regions shear, and it develops damage pile; thus, 
the failure in the billet takes place. The rise in the initial grain coarse volume leads 
to the rise in the shear amount, which is in the shear band. The possibilities of the 
localization of the shear are higher, which is shown in the first row of Figure 1 suc-
cessively the growth shown in below rows. This decision is in Correspond with the 
failure of the coarse grain structure in the magnesium and its alloys.

To rectify the issues in the ECAP process of the magnesium and its alloys, 
some measures have been improvised and designed such as the processing route 
along with temperature, die angle and the back pressure range and its usage. To 
bring down the tenor for shear localization the grain cores along with the bound-
ary extents have to reduce. Thus a primary step of extrusion is made to refine the 
microstructure which can change the initial grain structure as illustrated as Figure 1 
an into refined grain structure like Figure 1g or j. As shown in the second row of 
Figure 1a, the grain refinement sequence of the newly formed grains can alter 
through the rise in the processing temperature. This alteration in the ECAP process 

Figure 2. 
The grain structure in the region of deformation [37].

Figure 3. 
Structure of the grain inside the region of deformation [37].
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continues even after the multiple passes of ECAP which shown in Figure 1c.
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shown in Figure 1j, the homogeneous array distribution achieved through the single 
pass of ECAP as illustrated in Figure 1i and subsequently after many passes homo-
geneity remains the same.

From the mode, it concluded that bi- and multi-modal grain size distributions 
which formed through the ECAP were transitional and the distribution of the grains 
gets altered as ECAP passes the increase.

Spitale et al. processed ECAP in minimal temperature, which is about 250°C 
with the channel angle of 90° and with 45°of the radius of curvature. The plunger 
speed for the process is 0.1 mm/s. They observed the evolution of grain structure at 
different location of the deformation zone. Figure 2 shows the appearance of the 
structure entering the deformation zone [37].

The initial structure of the grain exists with the witness of twinning action. 
Grain boundaries observed with the serration like features. Grains with fine size 
within the range of 20 μm have witnessed within the region of grain boundaries and 
twins, which is developed from the initial grain structure, as shown in Figure 3. 
Apart from the certain limits from the grain boundaries and twins, fine grains were 
not witnessed with then fine grains.

From Figure 4, it witnessed that a large area occupied by the fine grains. The 
fine grains average size is around ~15 μm, which observed from the deformation 
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can provide a huge volume of formed grains and reduced tenor for localization of 
shear [14, 24–27, 29]. The accumulation of the damage and the shear bands strain 
have reduced through the increase in the die angel during the ECAP process. The 
billet cracking which normally caused by the damage accumulation and the addi-
tional grain refinement can achieve by using the back-pressure during the ECAP 
process of the magnesium alloys.

An alternate method is by subjecting the magnesium alloys to the multiple ECAP 
as initial pas in the elevated temperature, and the sequent passes in lower tempera-
ture can help to achieve a fine-grain structure with the homogeneous distribution. 
This process resembles the technique which follows the extrusion process before the 
ECAP [31].

The customizing of the grain size distribution in the magnesium alloys is associ-
ated with the grain structure refinement mechanism of the alloys, which processed 
through the ECAP process. By changing the ECAP process, it is desirable to alter or 
control the grain structure and its fine or coarse refinement structure. To increase 
the certain mechanical properties of the material such as ductility and strength 
concept of manipulating the material grain boundary and grain refinement was 
introduced many years ago in the basis of the grain boundary engineering, the same 
concept have been followed and approached in the process of ECAP. The recent 
investigations showed that through the ECAP process, the alteration of the grains 
structure and its distribution achieved in the selected materials. This merit region in 
the process mentioned above is, for instance, developing a grain distribution in the 
bimodal configuration in nanostructured Cu, a combination of enhanced ductility 
and sufficient strength showed up during the tensile testing at ambient temperature 
which presented in research work. To obtain the sufficient strength and altered 
elongated grains to increase the stability during the tensile deformation, ECAP 
method paves the way for these through the forming ultrafine grains and altering 
the grain size distribution. Among the Grain size distribution, the bimodal configu-
ration considered as the efficient thing for rising the ductility characteristics during 
the cyclic loading and deformation which assure mechanical properties can improve 
through the grain size engineering [23–27].

5. Effect of texture

The influence of texture is not straightly integrated with any developed model 
for the refinement of the grain structure. Unless the developed modal is expected 
to be effective for ECAP processing route and initial texture. This typical thing 

Figure 4. 
Grain structure at the end of the deformation zone [37].
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supposed due to the forming mechanism of the grain structure along with the grain 
boundaries has witnessed in the magnesium and its alloys which are having the dis-
tinctive initial structures while processing in the various temperature range where 
ECAP is typically carried out [17]. With the uniform procedure, a recent research 
work analyzed the texture of magnesium AZ31 which processed through the rolling 
process and ECAP process and they concluded that texture did not influence the 
size of the grain which formed after the process meanwhile texture influences 
the chance of formation of new grains and deformation amount which needed to 
achieve the deformation.

With the recent proposed modal of ECAP, the progression in the structure of 
the grain refinement mechanism is witnessed [29]. The bimodal distribution of 
grain structure observed due to the fine grain refinement and grain nucleate around 
the boundaries of the groan and twins in the presence of area which does not get 
affected by the process. A research work [8] provides a technique in which grain 
which subjected to the recrystallization is nucleate throughout the existing grains 
in the materials and progress until the structure reaches the homogenous structure 
equiaxial. The variation among the grain structure refinement modal relies upon 
the region of nucleation, which tends to form the new grain and feasibility of 
forming the heterogeneous distribution of grains. Some research delivered that 
heterogeneous grain size distribution in the magnesium and its alloys.

Because of the coarse grains at the initial stage, the predicted criteria from the 
developed grain refinement model is getting disapproved with the homogeneous 
distribution of grain sizes. Possibly grain growth and altered grain structure had 
observed in the material after subjecting it to the complete ECAP process. In the 
different stages of the grain refinement, fine grains get nucleated throughout the 
existing grains and in the region of twin boundaries which happened as expected by 
the grain structure refinement modal which leads to the distribution of grain size in 
a heterogeneous manner. The temperature for the intermediate process is likely to 
prevent the growth of grain and influenced the grain structure to form the bimodal 
distribution, which witnessed after the ECAP process.

6. Effect of mechanical behavior

The maximum tensile strength is recorded through the compressive tests and in 
various ways as possible for the material which subjected for three passes of ECAP 
process which given in Figure 5. The data of the received material included for 
better understanding [30]. It witnessed that the ECAP processed specimen shows 
elevated flow stress in multiple directions when compared with processed ones.

The material which undergone the ECAP process display an improved yield and 
maximum yield stress along with improved behavior in the work hardening towards 
the different compression direction. Significantly the ECAP processed material 
which tested along the direction of the Y-axis which is perpendicular to the die 
channel of the ECAP setup shows a concave up like feature with the strain range of 
0.02–0.05. Another major witness is that processed sample demonstrates a constant 
hardening strain range from 0.01 to 0.03 towards the direction of Z-axis and in the 
direction of X axis it shows 0.01–0.06 in which the hardening rate is slightly get 
decreased from the initial stage. The processed material showed up a rise in harden-
ing rate in the range of 0.015–0.3045 in the direction of Y-axis.

From the above results, it is clear that ECAP processing ensures the mechani-
cal anisotropy behavior of the commercially pure Magnesium. The appearance of 
twinning action in the material during the compression test leads to the anisotropy. 
The incident of increased hardening rate is clearly because of the twinning action 
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supposed due to the forming mechanism of the grain structure along with the grain 
boundaries has witnessed in the magnesium and its alloys which are having the dis-
tinctive initial structures while processing in the various temperature range where 
ECAP is typically carried out [17]. With the uniform procedure, a recent research 
work analyzed the texture of magnesium AZ31 which processed through the rolling 
process and ECAP process and they concluded that texture did not influence the 
size of the grain which formed after the process meanwhile texture influences 
the chance of formation of new grains and deformation amount which needed to 
achieve the deformation.

With the recent proposed modal of ECAP, the progression in the structure of 
the grain refinement mechanism is witnessed [29]. The bimodal distribution of 
grain structure observed due to the fine grain refinement and grain nucleate around 
the boundaries of the groan and twins in the presence of area which does not get 
affected by the process. A research work [8] provides a technique in which grain 
which subjected to the recrystallization is nucleate throughout the existing grains 
in the materials and progress until the structure reaches the homogenous structure 
equiaxial. The variation among the grain structure refinement modal relies upon 
the region of nucleation, which tends to form the new grain and feasibility of 
forming the heterogeneous distribution of grains. Some research delivered that 
heterogeneous grain size distribution in the magnesium and its alloys.

Because of the coarse grains at the initial stage, the predicted criteria from the 
developed grain refinement model is getting disapproved with the homogeneous 
distribution of grain sizes. Possibly grain growth and altered grain structure had 
observed in the material after subjecting it to the complete ECAP process. In the 
different stages of the grain refinement, fine grains get nucleated throughout the 
existing grains and in the region of twin boundaries which happened as expected by 
the grain structure refinement modal which leads to the distribution of grain size in 
a heterogeneous manner. The temperature for the intermediate process is likely to 
prevent the growth of grain and influenced the grain structure to form the bimodal 
distribution, which witnessed after the ECAP process.

6. Effect of mechanical behavior

The maximum tensile strength is recorded through the compressive tests and in 
various ways as possible for the material which subjected for three passes of ECAP 
process which given in Figure 5. The data of the received material included for 
better understanding [30]. It witnessed that the ECAP processed specimen shows 
elevated flow stress in multiple directions when compared with processed ones.

The material which undergone the ECAP process display an improved yield and 
maximum yield stress along with improved behavior in the work hardening towards 
the different compression direction. Significantly the ECAP processed material 
which tested along the direction of the Y-axis which is perpendicular to the die 
channel of the ECAP setup shows a concave up like feature with the strain range of 
0.02–0.05. Another major witness is that processed sample demonstrates a constant 
hardening strain range from 0.01 to 0.03 towards the direction of Z-axis and in the 
direction of X axis it shows 0.01–0.06 in which the hardening rate is slightly get 
decreased from the initial stage. The processed material showed up a rise in harden-
ing rate in the range of 0.015–0.3045 in the direction of Y-axis.

From the above results, it is clear that ECAP processing ensures the mechani-
cal anisotropy behavior of the commercially pure Magnesium. The appearance of 
twinning action in the material during the compression test leads to the anisotropy. 
The incident of increased hardening rate is clearly because of the twinning action 
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which occurred in the direction of Y-axis. Furthermore, the same twinning action 
indicated in the ECAP processed AZ31 alloy during the compressive test along the 
direction of the y-axis, which ensured through the microscopic examination. Along 
with that observation notable amount of twins were witnessed in the magnesium 
alloy after subjecting it to the strain of only 0.04 (in approx.) in the compressive 
test along the direction of Y-axis. The twins obtained after a certain level of strain in 
the corresponding direction was notably lower. Finally, the outcomes represent that 
after ECAP processing of commercially pure magnesium, the material shows an 
improved anisotropic behavior and notably twinning action also takes place while 
the material compressed in the direction of the Y-axis which is perpendicular to 
the die channel angle. The tensile characteristics of the rolled magnesium are in the 
good range and lowered elongation when compared to the ECAP processed com-
mercially pure magnesium. These factors indicate that ECAP processing slightly 
reduces the yield stress and improves the ductile characteristics of the material. 
And also fine grain refinement was witnessed through the microstructural study of 
the ECAP processed Magnesium. Thus, the decreased yield stress after the rolling 
process, along with ECAP contribute to the texture effect of the magnesium.

7. Summary

Magnesium has plenty of tones and choice when equaled to the other metals 
or nonmetals which have utilized under the category of lightweight materials in 
automotive, aerospace and biomedical application. Certain advancements are 
transpiring in magnesium development, and that will engage a fine pathway to 
the prospect. Among the Severe Plastic deformation (SPD), one of its type Equal 
Channel Angular Pressing (ECAP) emerged as the technique which can be able to 
extend the magnesium alloys to the vast application. Among the science group, 
there is mindfulness about to witness the transcendent application of magnesium 
and its alloys. Furthermore, enough research and the experimental establishment is 

Figure 5. 
Ultimate tensile strength obtained for the CP-Mg before and after ECAP processing [30].

41

Severely Plastic Deformed Magnesium Based Alloys
DOI: http://dx.doi.org/10.5772/intechopen.88778

Author details

Ramesh Kumar Subramanian*, Arun Kumar Srirangan and SreeArravind Mani
School of Mechanical Engineering, SASTRA Deemed to be University, Thanjavur, 
Tamil Nadu, India

*Address all correspondence to: rameshkumar@mech.sastra.edu
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which occurred in the direction of Y-axis. Furthermore, the same twinning action 
indicated in the ECAP processed AZ31 alloy during the compressive test along the 
direction of the y-axis, which ensured through the microscopic examination. Along 
with that observation notable amount of twins were witnessed in the magnesium 
alloy after subjecting it to the strain of only 0.04 (in approx.) in the compressive 
test along the direction of Y-axis. The twins obtained after a certain level of strain in 
the corresponding direction was notably lower. Finally, the outcomes represent that 
after ECAP processing of commercially pure magnesium, the material shows an 
improved anisotropic behavior and notably twinning action also takes place while 
the material compressed in the direction of the Y-axis which is perpendicular to 
the die channel angle. The tensile characteristics of the rolled magnesium are in the 
good range and lowered elongation when compared to the ECAP processed com-
mercially pure magnesium. These factors indicate that ECAP processing slightly 
reduces the yield stress and improves the ductile characteristics of the material. 
And also fine grain refinement was witnessed through the microstructural study of 
the ECAP processed Magnesium. Thus, the decreased yield stress after the rolling 
process, along with ECAP contribute to the texture effect of the magnesium.

7. Summary

Magnesium has plenty of tones and choice when equaled to the other metals 
or nonmetals which have utilized under the category of lightweight materials in 
automotive, aerospace and biomedical application. Certain advancements are 
transpiring in magnesium development, and that will engage a fine pathway to 
the prospect. Among the Severe Plastic deformation (SPD), one of its type Equal 
Channel Angular Pressing (ECAP) emerged as the technique which can be able to 
extend the magnesium alloys to the vast application. Among the science group, 
there is mindfulness about to witness the transcendent application of magnesium 
and its alloys. Furthermore, enough research and the experimental establishment is 

Figure 5. 
Ultimate tensile strength obtained for the CP-Mg before and after ECAP processing [30].
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needed for the unique evolution of deformation behavior of the magnesium alloys 
to achieve aspired microstructures which influence the mechanical properties plus 
fine shapes for avoiding post processes and further greater transformations of the 
phase which compromise to permit improvement of magnesium alloys. This very 
low density concerning magnesium and its alloy collectively among attractive 
characteristics such as castability is traversing to extended transportation business. 
The progressed application can begin from an expanded design along with many 
perceptions of the basic features of magnesium behavior and also the rise of cost-
affordable magnesium alloys.
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Chapter 4

Fatigue of Magnesium-Based
Materials
Jafar Albinmousa

Abstract

Magnesium alloys and metal matrix composites (MMCs) are attractive materials
for biomedical application. Magnesium has a module of elasticity that is close to that
of human bones and it is biocompatible with the human body. Human body fluids
make a corrosive environment to magnesium. In addition, different body parts are
subjected to cyclic loading reaching a magnitude of about 80 MPa and an estimated
total of 106 cycles per year. Therefore, understanding the fatigue behavior of
magnesium alloys and magnesium metal matrix composites (MMCs) is an essential
aspect especially when they are used as load bearing components. Magnesium has a
hexagonal closed-packed (HCP) lattice structure with a c/a ratio of 1.623, and it
does not have enough independent slip systems to sustain large plastic deformation.
Therefore, magnesium deforms plastically by two different mechanisms: slipping
and twinning. Twinning-detwinning deformation is manifested in the cyclic stress-
strain response of wrought magnesium alloys when loaded along the working
direction. A significant stress asymmetry is usually observed resulting in the devel-
opment of high mean stress. Research on magnesium and its alloys is rapidly
increasing. This chapter presents different aspects of fatigue, in general, and on
magnesium in particular, including experimental method, damage models and
fatigue life equation.

Keywords: fatigue, cyclic behavior, life estimation, Mg alloys, magnesium metal
matrix composites

1. Introduction

Magnesium has a hexagonal closed-packed (HCP) lattice structure with a c=a
ratio of 1.623. According to von Mises [1], the ductility of the material, which
depends on the its ability to withstand general homogeneous strain that involves
changes in the shape of the crystal, is possible when five independent slip systems
are activated. This condition is not met in HCP metals such as magnesium, there-
fore, deform plastically by two mechanisms: slip and twinning. Slip and twin planes
for HCP metals are illustrated in Figures 1 and 2. Among these systems, the basal
slip 0001ð Þ and the 1012

� �
tension twin are easiest to be activated due to their low

critical resolved shear stresses (CRSS).
The American Society of Testing and Materials (ASTM) [3] defines fatigue as

“the process of progressive localized permanent structural change occurring in a
material subjected to conditions that produce fluctuating stresses and strains at
some point or points and that may culminate in cracks or complete fracture after a
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are activated. This condition is not met in HCP metals such as magnesium, there-
fore, deform plastically by two mechanisms: slip and twinning. Slip and twin planes
for HCP metals are illustrated in Figures 1 and 2. Among these systems, the basal
slip 0001ð Þ and the 1012

� �
tension twin are easiest to be activated due to their low

critical resolved shear stresses (CRSS).
The American Society of Testing and Materials (ASTM) [3] defines fatigue as

“the process of progressive localized permanent structural change occurring in a
material subjected to conditions that produce fluctuating stresses and strains at
some point or points and that may culminate in cracks or complete fracture after a
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sufficient number of fluctuations”. Fatigue failure can occur even if the generated
stress is below the yield limit. Therefore, in a macro-scale viewpoint fatigue failure
is similar to brittle fracture where no signs of severe plastic deformation such as
necking are observed.

Cyclic loading is very common. It can occurs because of operational condition
such as increase and decrease of loads or due to the motion of loaded parts. Cyclic
loads can be classified into constant and random loads. Constant load can be
represented by an amplitude and a mean. A cycle in a constant amplitude loading is
clearly defined. However, the definition of a cycle in random loading case is not as
clear as in constant amplitude loading. Therefore, a count method is required to
quantify the number of cycles in random loading situation. Applied cyclic loading
can either be uniaxial or multiaxial. In a constant multiaxial cyclic loading, ampli-
tudes, means, phases and frequencies of the applied loads can be different. Of
course, multiaxial loading can involve random loads.

The classifications explained before were merely based on mechanical loads such
as forces, moments and torques. However, fatigue damage might result from the
application of cyclic thermal loads. In addition, fatigue damage process can get
complex due to interactions between applied cyclic loads, mechanical or thermal,
and other damaging phenomenon such as creep. Effect of environmental attacks,
residual stress, coating, surface finish, geometrical irregularities have significant
impact on fatigue damage process and fatigue life.

There are two approaches to study fatigue of materials: initiation and propaga-
tion of cracks. Fatigue initiation approach is concerned about relation between the
applied cyclic loads and the initiation of small cracks that generally do not exceed

Figure 1.
Slip planes in HCP metals [2].

Figure 2.
Twin planes in HCP metals [2].
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1 mm in size. On the other hand, fatigue propagation approach is concerned about
the relation between the applied cyclic loads and the growth of an existing crack to a
size that causes catastrophic failure.

The initiation approach, which is commonly referred to as fatigue, is classified
based on the damaging variable. There are three methods to analyzing fatigue:
stress-, strain- and energy-based. If a damage model, stress-, strain- or energy-
based, is calculated on specific planes the used method is further classified as critical
plane method. Stress-based methods use stresses, normal and/or shear, to quantify
fatigue damage. Similarly, strain-based method use strains, normal and/or shear, to
quantify fatigue damage. Lastly, energy-based methods use strain energy density to
quantify fatigue damage.

All fatigue models require monotonic and/or cyclic properties of materials.
Strain and energy-based cyclic properties can be obtained by performing series of
tests under strain-controlled loading condition. On the other hand, stress-based
cyclic tests properties can be obtained by performing series of tests under stress-
controlled loading condition. The well-known stress-life and strain-life curves can
be obtained from these tests.

2. Characterization of fatigue behavior

A common classification in fatigue initiation analysis is based on fatigue life [4].
The term “low cycle fatigue, LCF” refers to fatigue failure that occurs between 103

and 105 cycles. On the other hand, the term “high cycle fatigue, HCF” refers to
fatigue failure that occurs between 105 and 107 cycles. The last class is called “very
high cycle fatigue, VHCF” that refers to fatigue failure that occurs after 107 cycles.
Because it is easier to control the stress at low load levels than strain, HCF and
VHCF tests are usually performed under stress-controlled condition. However,
strain-controlled tests can be performed with wide strain levels that cover lives less
than 103 and up to 107 cycles. Because strain-controlled tests are usually performed
at high strain levels and significant plasticity resulting in low number of cycles to
failure, heating of the sample due to internal friction becomes a concern. Therefore,
tests that are expected to last for few hundred or thousand cycles shall be performed
with frequencies that shall not exceed few Hertz, if not less 1 Hz. Yet, a common
practice in strain-controlled testing is to switch the control mode to stress when a
test exceeds 104 cycles. This allows for increasing the frequency to reduce the time
required to finish the test. On the contrary, HCF and VHCF tests are usually
performed with frequencies higher than 20 Hz.

2.1 High cycle fatigue

The high cycle fatigue behavior of materials can be characterized for a mode of
stress, i.e., normal or shear, by performing stress-controlled experiments. ASTM
standard for conducting force controlled constant amplitude axial fatigue tests of
metallic materials [5] can be followed in tests performed using cyclic axial machine.
Similarly, the standard by International Organization for Standardization [6] can be
followed in tests performed using four-point rotating bending machine. Unlike
cyclic axial or rotating bending tests that are usually performed on solid specimens,
cyclic torsion test is usually performed on tubular specimen because shear stress
across tubular specimens that satisfy thin-walled tube condition can be assumed
constant. Of course, a machine with dynamic torsional load cell is required to
perform cyclic torsional experiment. There is no particular standard for performing
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with frequencies that shall not exceed few Hertz, if not less 1 Hz. Yet, a common
practice in strain-controlled testing is to switch the control mode to stress when a
test exceeds 104 cycles. This allows for increasing the frequency to reduce the time
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standard for conducting force controlled constant amplitude axial fatigue tests of
metallic materials [5] can be followed in tests performed using cyclic axial machine.
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followed in tests performed using four-point rotating bending machine. Unlike
cyclic axial or rotating bending tests that are usually performed on solid specimens,
cyclic torsion test is usually performed on tubular specimen because shear stress
across tubular specimens that satisfy thin-walled tube condition can be assumed
constant. Of course, a machine with dynamic torsional load cell is required to
perform cyclic torsional experiment. There is no particular standard for performing
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cyclic torsional tests, however, the ASTM standard for strain-controlled axial-
torsional fatigue testing with thin-walled tubular specimens [7] can be used.

The stress-life (S�N) curve, which is also known as the Wöhler curve, is
usually used to represent the relation between applied stress amplitude, σa or τa and
fatigue life Nf in a log-log scale. A typical S�N curve shows a linear curve in the
finite life region as shown in Figure 3.

Understanding that a linear curve in a log-log scale indicates that the relation
between the stress amplitude and fatigue life is of a power-type, Basquin [8] was
the first to model this curve as

σa ¼ σ0f 2Nf
� �b (1)

where σ0f is the axial fatigue strength coefficient and b is the axial fatigue
strength exponent.

Some materials such as steel and magnesium alloys show a distinct plateau
commonly called the “fatigue limit”. This limit is usually observed between 106 and
107 cycles. Tests that exceed 107 cycles are usually stopped and are called run-out.
This limit used to be called the “endurance limit” that is a stress amplitude below
which no failure will occur. However, it has been shown if the testing is continued
specimens eventually fail. Therefore, it is recently accepted that endurance limit

Figure 3.
A typical stress life curve.

Figure 4.
Stress life curve for different Mg-alloys [9–13].
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does not exist. Run-out tests are usually marked with an arrow symbol. Stress-life
curves for six different magnesium alloys are presented in Figure 4. This figure
clearly shows the difference between die-cast and extruded alloys with the former
having less fatigue strength due to the existence of pores and cavity resulting from
the casting process.

2.2 Low cycle fatigue

Similar to the HCF, the low cycle fatigue (LCF) behavior of materials can be
characterized for a mode of strain, i.e., normal or shear, by performing strain-
controlled experiments. ASTM standard for conducting strain controlled fatigue
tests of materials [14] can be followed in tests performed using cyclic axial machine.
While controlling the strain, using strain measurement device such as an exten-
someter, the load signal is also acquired. This allows calculating both the stress and
strain that can be represented for a given cycle by a hysteresis loop as shown in
Figure 5.

Wrought alloys that are produced by extrusion, rolling or forging processes
develop strong texture. This texture is characterized by alignment of the basal plane
with the working direction with the c-axis perpendicular to it. The two plastic
deformation mechanisms, slipping or twinning, can be activated depending on the
loading orientation with respect to the basal plane. An extension along the c-axis
activates the tension twins and a subsequent contraction causes detwinning of
the lattice. During cyclic loading, twinning occurs in the compression reversal
leading to low stress yielding. Detwinning starts as the load is reversed, i.e., during
the tension reversal. However, as the tension load increases the hard pyramidal slip
is activated in order to accommodate additional strain. This change from
detwinning to slip is reflected on the cyclic hysteresis as an inflection point and a
concave upward hardening behavior. A representative cyclic hysteresis loop for
different magnesium extrusion loaded along the extrusion direction is shown
in Figure 6.

The strain-life (ε�N) curve is usually used to represent the relation between
applied strain amplitude, ε and fatigue life Nf in a log-log scale. Strain life curves for
AZ31B, AZ61A and ZK60 magnesium extrusions are presented in Figure 7.

Figure 5.
A typical cyclic hysteresis loop [2].
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This region is represented by the Coffin-Manson [20, 21] equation as

εa ¼
σ0f
E

2Nf
� �b þ ε0f 2Nf

� �c (2)

where σ0f and b are defined in Eq. (1) and ε0f and c are the axial fatigue ductility
coefficient and the axial fatigue ductility exponent, respectively.

Ellyin, Golos and Xia [22] energy model is considered as the basis for the
application of strain energy in correlating multiaxial fatigue damage. The model
considers the plastic and the positive elastic strain energy densities as the damaging
variables as shown in Figure 8.

The plastic strain energy density is the area enclosed by the cyclic hysteresis loop
which is calculated as [23]:

ΔWp ¼
ð

cycle
σdε (3)

Figure 6.
Cyclic hysteresis loops of AZ31B, AZ61A, AM30 and ZK60 magnesium extrusions [15–18].

Figure 7.
Strain life curves for AZ31B, AZ61A and ZK60 magnesium extrusions [17–19].
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While the positive elastic strain energy density is calculated as

ΔWþ
e ¼ σ2max

2E
(4)

The total strain energy density is often calculated as the sum of torsional of the
plastic and positive elastic energies

ΔWt ¼ ΔWþ
e þ ΔWp (5)

The inclusion of the positive elastic strain energy density is a method for con-
sidering the mean stress effect in energy method.

Figure 8.
Energy components in cyclic hysteresis loop [2].

Figure 9.
Energy life curves of Mg [17–19, 24–27].
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The fatigue life is estimated using

ΔWt ¼ αNβ
f (6)

Figure 9 shows the correlation between the total strain energy density and
fatigue life for several magnesium alloys tested at different loading conditions. This
figure clearly shows the ability of the energy method to collapse all data in a single
and narrow scatter band.

Strain- and energy-based fatigue properties for AZ31B, AZ61A and AM30 mag-
nesium extrusions are listed in Table 1.

2.3 Mean stress effect

Mean stress has a significant effect on fatigue behavior of materials. It is gener-
ally observed that tensile mean stresses are detrimental and compressive mean
stresses are beneficial. As explained earlier, the positive elastic strain energy density
is used to account for the mean stress effect in energy methods. There are different
models for stress-based methods that account for mean stress effect [29]:

The Modified Goodman:

σa
σf

þ σm
σu

¼ 1 (7)

Gerber:

σa
σf

þ σm
σu

� �2

¼ 1 (8)

Morrow:

σa
σf

þ σm
σ0f

 !2

¼ 1 (9)

where σf is the fatigue limit.
Morrow’s can be used for strain-based method as:

Δε
2

¼ εa ¼
σ0f � σm

E
2Nf
� �b þ ε0f 2Nf

� �c (10)

Property AZ31B extrusion AZ61A extrusion AM30 extrusion

σ0f 723.5 586.1 410.4

b �0.159 �0.153 �0.130

ε0f 0.252 1.823 1.480

c �0.718 �0.832 �0.791

E0
e 20.29 7.01 2.995

B �0.440 �0.373 �0.281

E0
f 510.74 924.14 1710.69

C �1.052 �1.001 �0.975

Table 1.
Strain and energy fatigue properties of different Mg extruded alloys [16, 18, 28].
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Another equation suggested by Smith, Watson and Topper [30], commonly
known as “SWT parameter”, is as follows:

σmaxεaE ¼ σ0f
� �2

2Nf
� �2b þ σ0f ε

0
f E 2Nf
� �cþb (11)

2.4 Environmental effects

Environmental effects such as corrosion or temperature have significant effect
on fatigue life. The interactions between these effects and fatigue behavior are
complex, therefore, quantitative models for estimating fatigue life may not always
be possible. Magnesium is highly reactive and considered as one of the most
electrochemically active metals. From structural view point, the reactivity of
magnesium, and its alloys, in electrolytic or aqueous environments, is disadvanta-
geous because it degrades their mechanical strength. In the contrary, this
high reactivity of magnesium and its alloys make them a potential biodegradable
materials.

The pH level of body fluid ranges from 1 to 9 in different tissues. It is also
estimated that different parts of the body are subjected to different level of stresses.
For example, bones are subjected to a stress of about 4 MPa during regular daily
activities. On the other hand, tendons and ligaments experience peak stresses that
range from 40 to 80 MPa. Hip joints usually subjected to 3 times the body weight
which can increase to 10 times during jumping. These stresses are repetitive and
fluctuating reaching to 1� 106 cycles in a year [31, 32].

The poor corrosion resistance of many magnesium alloys is due to internal
galvanic corrosion caused by second phases or impurities and the instability of the
hydroxide film [33]. The most common method to assess the influence of
corrosion on fatigue behavior is to perform stress-controlled testing at different
environmental conditions. Strain-controlled testing is not common because it
requires electronic strain measurement device that may not be possible to mount
on the sample while being exposed to corrosive substances. Comparisons between
stress-life curves for different biomedical magnesium alloys tested at different
simulated body fluids “SBF” are shown in Figures 10 and 11. These figures show
that the fatigue life of AZ91D at a given stress amplitude is significantly influenced
by the condition of the corrosive environment.

Figure 10.
Comparison between the stress life curves for biomedical AZ91D and WE43 tested in air and simulated body
fluid “SBF” [33].
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3. Metal matrix composites

Metal-matrix composites (MMCs) are a class of materials that are usually made
by reinforcing conventional metallic matrix using high-performance second phase
constituents. Metal-matrix composites MMCs can be tailored to improve different
properties such as strength, stiffness, thermal conductivity, and corrosion, wear,
creep resistance. In general, metal-matrix composites (MMCs) can be produced by
stir casting, squeeze casting and powder metallurgy.

Magnesium matrix composites can be fabricated by using different reinforce-
ments to obtain different characteristics. For example, Mg2Si/Mg composites have a
mechanical strength that is comparable to that of industrial magnesium cast alloys
(AZ63) but with a damping capacity that is 100 times higher [34]. Carbon
nanotubes (CNTs) can be used as reinforcements with magnesium [35] or its alloys

Figure 11.
Comparison between the stress life curves for biodegradable AZ91D tested in air and different simulated body
fluids “SBF” [11].

Figure 12.
The effect of different volume fractions of SiCp on the stress-life curve of AZ91D magnesium metal matrix
composite [41, 42].
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such as AZ31, AZ91, ZK60 and AZ61 to improved their ultimate tensile strength,
yield strength and modulus of elasticity composite [36]. Different reinforcements
such as aluminum oxide particulate Al2O3 [37], nickel particles [38] or nano-size
Y2O3 particles [39] have been tested with magnesium and its alloys and found to
yield different results.

Fatigue behavior of magnesium AZ91 can be improved by adding ceramic rein-
forcements [40]. In addition, the elastic modulus, yield strength and ultimate
tensile strength of AZ91 can be increased using SiCp particles as discontinuous
reinforcements. Figures 12 and 13 show the effects of two different reinforcements

Figure 13.
The effect of different volume fractions of Saffil alumina fibers on the stress-life curve of AZ91D magnesium
metal matrix composite [40].

Figure 14.
Comparison of stress-strain curves of the dual particle reinforced magnesium alloy (AZ31 + Al2O3 + Ni) with
the unreinforced matrix alloy (AZ31) cyclically deformed at room temperature (T = 25°C) at R = 0.1
and � 1.0 [38].
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3. Metal matrix composites

Metal-matrix composites (MMCs) are a class of materials that are usually made
by reinforcing conventional metallic matrix using high-performance second phase
constituents. Metal-matrix composites MMCs can be tailored to improve different
properties such as strength, stiffness, thermal conductivity, and corrosion, wear,
creep resistance. In general, metal-matrix composites (MMCs) can be produced by
stir casting, squeeze casting and powder metallurgy.

Magnesium matrix composites can be fabricated by using different reinforce-
ments to obtain different characteristics. For example, Mg2Si/Mg composites have a
mechanical strength that is comparable to that of industrial magnesium cast alloys
(AZ63) but with a damping capacity that is 100 times higher [34]. Carbon
nanotubes (CNTs) can be used as reinforcements with magnesium [35] or its alloys

Figure 11.
Comparison between the stress life curves for biodegradable AZ91D tested in air and different simulated body
fluids “SBF” [11].

Figure 12.
The effect of different volume fractions of SiCp on the stress-life curve of AZ91D magnesium metal matrix
composite [41, 42].
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on the stress-life curve of magnesium AZ91D. These figures show that fatigue life at
a given stress amplitude can be increased by adding proper volume fraction of the
reinforcements.

In addition, fatigue life of AZ31 can be improved by using nano-particulates
of aluminum oxide and micron size nickel particles reinforcements as shown in
Figure 14.

4. Summary

Magnesium is a promising material for biomedical applications. Because body
parts such as hip joints, bones and knees are subjected to cyclic loading fatigue is an
essential tool for designing implants and replacement components for these parts.
Accurate determination of the stress and strain states is critical for a successful
fatigue design process. Magnesium has a hexagonal close packed crystal structure
resulting in a complex stress-strain behaviors. It has been explained that the
involvement of slipping, twinning and detwinning deformation mechanisms causes
the unusual cyclic hysteresis loop of wrought magnesium alloys. Therefore, suitable
cyclic plasticity model is required for estimating the cyclic stress-strain state. Dif-
ferent fatigue damage models such as stress-, strain- and energy-based parameters
can be used to correlate the fatigue damage with life. Although biodegradability is
an attractive characteristic of biomedical materials, the high reactivity of magne-
sium in electrolytic or aqueous environments calls for further developments. The
properties of magnesium and its alloys can be improved by reinforcing them using
selected reinforcements.
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Chapter 5

Abrasive Water Jet Cutting: 
A Risk-Free Technology for 
Machining Mg-Based Materials
Niranjan Channagiri Anandatirthachar, S. Srinivas  
and M. Ramachandra

Abstract

Mg-based materials are considered to be the most machinable of all materials 
due to their good machinability. Though conventional machining of Mg-based 
materials is a topic that has been widely discussed, they are associated with ignition 
issues. Ignition risk in conventional machining of Mg-based materials thus can-
not be denied and should be avoided. Literature has witnessed ignition risk when 
machining temperature reaches above 450°C during turning and milling processes, 
and some cases are reported with fire hazard. In order to obtain the safest machin-
ing atmosphere, abrasive water jet machining, a most desired machining technology 
for machining Mg-based materials, is discussed in the present chapter. The text 
covers ignition risk in conventional machining of Mg-based materials, an overview 
of non-traditional methods for machining Mg-based materials, advantages of 
abrasive water jet machining over other methods, abrasive water jet linear cutting 
of Mg alloys and composites, and drilling of Mg alloys. Experimental investiga-
tions are carried out to know the effect of abrasive water jet process parameters on 
machining Mg alloys and Mg nanocomposites. Surface topography of cut surfaces is 
analyzed. Suitability of abrasive water jet in drilling Mg alloys is justified by com-
paring results with holes drilled by conventional drilling and jig boring.

Keywords: ignition risk, Mg, machining, AWJ cutting, AWJ drilling, topography

1. Introduction

During the past decades, significant research has been carried out on the devel-
opment of novel magnesium-based materials as traditional alloys and composites 
using different techniques such as casting, powder metallurgy, disintegrated melt 
deposition etc.; several secondary processing techniques have also been used to 
enhance the physical and mechanical properties of Mg-based materials, namely, 
heat treatment, equal channel angular pressing (ECAP), forging, rolling, hot 
extrusion, etc. Mg-based materials have turned out to be a choice for industries to 
replace structural materials like cast iron, steel, copper, etc. In particular, automo-
bile industries have become potential market for Mg-based materials. Increase in 
demand for Mg-based materials for lightweight automotive components witnessed 
significant growth during recent years. Global forecast report has estimated Mg 
alloys market to reach 1.30 billion in 2018 and is projected to reach USD 2.37 billion 
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by 2023 at a compound annual growth rate (CAGR) of 12.7% during forecast period 
[1]. Extended applications in 3Cs (consumer electronics, computers, and cell 
phones) have enhanced the demand and growth of Mg-based materials in global 
markets. With this increase in demand, researchers and engineers are continuously 
focusing on machining aspects of Mg-based materials to expand the industrial 
applications through advanced machining technologies.

2. Ignition risk in conventional machining of Mg-based materials

Even though Mg-based materials are considered to be the easiest materials to 
machine due to their low cutting forces, well-formed chips, and good surface finish, 
they are highly inflammable. The risk of ignition rises when process temperature 
crosses 450°C, which is close to the melting temperature of Mg [2, 3]. In spite of 
advantages such as 50% lesser cutting forces compared to aluminum in turning 
operations and cutting tools retaining sharp edges for a long period, Mg possess 
high affinity to oxygen at higher temperatures (>450°C). Mg is also reactive in 
nitrogen and carbon dioxide atmosphere even in the absence of oxygen. Ignition 
temperature of Mg can be controlled by adding alloying elements such as calcium 
and beryllium and rare earth metals such as cerium, lanthanum, or yttrium but 
cannot be avoided [4–6]. Ignition of chips occurs during high-speed machining 
especially during finishing operations, i.e., chips in the form of powder (<500 μm) 
tend to explode. These powders not only create safety hazard but can also damage 
the machine tool components [7].

Weinert et al. [2] highlighted the importance of removing the chips from the 
workspace of the machine tool during machining. It was reported that the hot chips 
generated during machining contains up to 90% of the heat generated at the cutting 
zone, which can significantly affect the workpiece and machine components by 
transferring the heat. Thermal expansion of both machine tool and workpiece thus 
required to be identified. The risk of fire and potential damages to the workpiece as 
well as the machine tool can be significantly controlled by fast and reliable removal 
of the chips. Controlling the temperature during machining is therefore crucial in 
preventing the ignition. Ning Zhao et al. [8] reported three types of ignition that 
occurs during face milling of AM50A magnesium alloy which includes sparks, 
flares, and continuous flares. Among three types of ignitions, it was reported that 
flares and continuous flares are dangerous for safe production. Therefore in order to 
reduce the temperature of chips and powder-type dust generated during machin-
ing, many researchers have used cutting fluids during machining process [9–13]. 
The use of cutting fluids also resulted in reaction with magnesium which forms 
hydrogen, a highly explosive and flammable gas. For this reactivity issue, mineral-
based oils are recommended during machining of Mg-based materials by selecting 
appropriate process variables. However, it is necessary to take proper care at higher 
cutting speeds to prevent flank buildup (FBU) on tools while using mineral-based 
oils because formation of flank BUE and burrs creates another problem in machin-
ing Mg-based materials due to high thermal expansion coefficient, and this may 
further lead to decreased accuracy of machined surfaces. The presence of FBU 
increases cutting forces and affects surface quality [14].

On the other hand, conventional machining of Mg-MMC is also challenging. In 
addition to ignition risk, the presence of harder ceramic particles in MMC causes 
serious abrasion of the tool, which shortens the tool life, and increasing volume 
fraction of ceramic particles leads to increased cutting forces [15, 16]. This in turn, 
increases the manufacturing cost. Tonshoff et al. [7] investigated tool wear in 
turning Mg-MMC containing SiC particle reinforcement (MELRAM 072TS) using 
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polycrystalline diamond (PCD) tool and PCD, TiN-coated tools. The tin-coated 
tool was destroyed immediately due to the impact of SiC particles. Chipping off the 
layer was observed in PCD tool. Furthermore, molten material was observed on 
edges of all tool materials. This adhesive effect between work and tool material not 
only creates a negative influence on machining forces but also leads to creating poor 
surface quality.

Xiangyu Teng et al. [17] studied micro machinability of Mg-MMC containing 
titanium (Ti) and titanium diboride (TiB2) nanoparticles. AlTiN-coated tungsten 
carbide micro-end mills were used to machine Mg-MMNC. Machined surface 
was characterized by surface morphology and surface roughness. Investigations 
revealed cutting tool was affected by chip adhesion. This chip adhesion found more 
in machining Mg-MMC containing nano-sized Ti particles compared to Mg-MMC 
containing TiB2 nanoparticles. Further it was reported that cutting forces while 
machining Mg/Ti MMC found nearly two times compared to Mg/ TiB2 nanocom-
posites. Increase in cutting forces increased the roughness of surfaces and also 
induced burrs on slot edges of cutting tool. The surface of cutting tool was also 
affected by coating peeling off while machining Mg/TiB2 nanocomposites.

Therefore machining Mg-MMC with conventional methods is also associated 
with several problems such as increased cutting forces, surface roughness, and 
chip adhesion to tool material. It is really challenging to achieve a surface quality 
and accuracy MMC through conventional machining. Apart from these difficul-
ties, conventional machining system for Mg-based material requires provision of 
storing chips in closed containers or the use of chip removal systems, protecting 
the machines using protection systems against explosions, adequate availability of 
class D fire extinguishers in the machine area, storage of dry sand in containers, and 
safeguarding the operators and installation of alarm systems in order to create the 
safest workplace [2, 18]. Indirectly these actions result in higher processing costs. 
Cost-effective processing of Mg-based materials is therefore an essential criterion to 
expand the application areas.

3. Overview of nontraditional machining of Mg-based materials

Conventional machining demonstrated significant importance in machin-
ing Mg-based materials when compared to NTM over the years, despite serious 
problems such as ignition risk, tool wear, shorter tool life, and surface finish. 
Researchers are required to pay more attention to NTM processes to overcome 
difficulties of conventional machining. Literatures have witnessed the successful 
implementation of NTM processes in cutting a wide range of materials for different 
applications. Despite few limitations, nowadays NTM processes are having greater 
potential than conventional machining. However better understanding is required 
on the suitability of NTM before being applied in practical fields.

During the past decades, numerous research efforts have been placed on NTM 
machining of different types of materials including MMCs. However, very limited 
studies are reported on machining of Mg-based materials and Mg-MMC through 
NTM techniques. Advantages and limitations of few NTM processes such as laser 
beam machining (LBM), laser-assisted machining (LAM), electric discharge 
machining (EDM), and AWJM are discussed in the present section.

Nowadays EDM is extending its application areas by cutting a wide range of 
metals and MMC. EDM uses high thermal energy to remove the material by electric 
spark erosion. EDM regardless of the hardness of materials has typical advantages 
in cutting intricate and complex shapes. EDM eliminates mechanical stresses, 
vibration, and chatter during machining since there is no direct contact between 
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by 2023 at a compound annual growth rate (CAGR) of 12.7% during forecast period 
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The use of cutting fluids also resulted in reaction with magnesium which forms 
hydrogen, a highly explosive and flammable gas. For this reactivity issue, mineral-
based oils are recommended during machining of Mg-based materials by selecting 
appropriate process variables. However, it is necessary to take proper care at higher 
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oils because formation of flank BUE and burrs creates another problem in machin-
ing Mg-based materials due to high thermal expansion coefficient, and this may 
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increases cutting forces and affects surface quality [14].

On the other hand, conventional machining of Mg-MMC is also challenging. In 
addition to ignition risk, the presence of harder ceramic particles in MMC causes 
serious abrasion of the tool, which shortens the tool life, and increasing volume 
fraction of ceramic particles leads to increased cutting forces [15, 16]. This in turn, 
increases the manufacturing cost. Tonshoff et al. [7] investigated tool wear in 
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metals and MMC. EDM uses high thermal energy to remove the material by electric 
spark erosion. EDM regardless of the hardness of materials has typical advantages 
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tool and work material. EDM is especially used in the production of die, mold, auto-
motive, surgical, and aerospace components. EDM is most suitable for machining of 
geometries with high aspect ratio and microstructures. EDM can drill a hole of size 
0.1 mm [19]. Ponappa et al. reported with high aspect ratio holes of ϕ 0.5 mm with 
12 mm height drilled by EDM in Mg/Al2O3 nanocomposites. However, recast layer 
was observed at some portion of the cut zone due to a series of spark generation 
and generation of high temperatures between the tool and work [20]. Generation 
of high temperature during the process can alter the target material properties. The 
presence of reinforcement particles makes machining of MMC slower by creating 
difficulties due to the breakage of conductivity caused by non-conductive and high 
melting points of reinforcement particles. Breaking of wires in WEDM during the 
process is one of the major problems. Due to high temperature caused between tool 
and work interface, wire electrode breaks usually in the top edge of the machined 
surface. Another major limitation of EDM falls in its incapability in cutting non-
conductive materials.

LBM uses thermal energy to remove the material using a laser beam by melting 
and vaporizing. Unlike EDM, LBM is not only limited to conductive materials; it 
can be applied for a wide range of materials [21]. The major advantage of LBM lies 
in its capability to produce geometrically complex shapes and miniature holes. LBM 
have the capability to make slot as low as 0.25 mm width. Generally, machining 
operations in LBM includes drilling and grooving. Mechanically induced material 
damage, cutting forces machine vibration, and tool wear are absent in LBM [22]. 
Machining speed and material removal rate can be increased in LAM. However, 
an increase in machining speed resulting in a rough surface that splits out into 
striations is caused by the unsteady motion of molten layer or repeated blockage of 
plasma. LAM is having its own limitations when machining Mg-based materials, the 
reflectivity of Mg can result in inadequate heating which limits the cutting capabil-
ity, and also small chips produced during machining tend to ignite when in contact 
with the laser beam. Therefore, LBM of thermally sensitive Mg-based materials is 
risky. Melting of reinforcement material and chemical reactions were reported in 
LBM of MMC which also affects the microstructure.

AWJM technology is one of the leading and fastest growing NTM technologies for 
cutting a wide range of materials such as metals, stone, tiles, plastics, FRP, composites, 
food, ceramics, rubber, etc. In AWJ cutting the impact of solid particles at high velocity 
along with water at high pressure removes the target material by means of erosion 
[23]. AWJ uses cold water during the process that eliminates slag deformation and 
dross waste that is generally found in plasma and laser cutting processes. Additionally, 
both garnet (abrasive) and water used in the cutting process can be recycled [24]. The 
AWJM process is therefore environmentally friendly when compared to other cutting 
processes. The process is also clean and does not involve chips, chemical reactivity, and 
air pollution. Water jet eliminates dust by carrying away the eroded material and does 
not generate fumes which are generally present in other NTM processes [25]. In recent 
years AWJM has received tremendous attention especially in machining difficult to 
machine and thermally sensitive materials [26, 27]. Due to its versatility, ease of opera-
tions and extended capabilities, AWJM has become the hot choice among different 
machine tools for manufacturing industries. Application areas include automotive, 
aerospace, construction, medical industries, etc.

Unlike other NTM processes (EDM, LBM/LAM) AWJM does not include higher 
processing temperatures, and most importantly there is no HAZ [28]. Therefore 
machined surfaces are neither affected by remelting nor by recrystallization. Thus 
AWJ cutting technology offers risk-free machining of Mg-based materials by 
eliminating HAZ. The only drawback of AWJM is lesser efficiency in creating high-
quality surfaces which can be expected from the other two methods. Bimla Mardi 
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et al. [29] investigated the surface integrity of Mg-based nanocomposites generated 
by AWJ. Feasibility of AWJ in machining Mg-based nanocomposites was reported. 
Experimental results were analyzed and compared under varied traverse speeds. 
It was concluded that lower traverse speeds give better surface finish and higher 
traverse speed results in the poor surface finish. Furthermore, it was concluded that 
for machining Mg-based MMC, AWJ machining is the most promising method with 
good surface finish and minimum subsurface damage.

Due to omnidirectional cutting capabilities of AWJM at higher feed rates, it 
is considered to be the fastest machining option for MMCs [30]. Based on avail-
able literature, it can be concluded that even though LAM/LBM and EDM can 
be efficiently used to machine Mg-based materials, the risk of ignition cannot be 
avoided. Therefore AWJM is the most suitable and risk-free machining technology 
for Mg-based materials. Below are some of the distinct advantages of AWJ machin-
ing over other methods:

• No heat affected zone.

• Lower setup time.

• No microstructural and microhardness changes occur in the machined  
surfaces [31].

• No thermal distortion, high machining versatility, and high flexibility [32].

• Simple programming methods.

• High productivity.

• Higher feed rates can be achieved especially in MMC.

• Elimination of dust.

4. AWJ machining operations and process parameters

AWJ technology is being utilized by many modern industries such as automo-
tive, aerospace, chemical processing, environmental engineering, construction 
engineering, medical, etc., for performing different operations such as industrial 
cleaning, surface preparation, paint, enamel and coating stripping, manufacturing 
operations, etc. Since this chapter is mainly focused on machining aspects, only 
linear cutting, drilling, turning, and milling machining operations are discussed. 
AWJM involves a number of process parameters to achieve qualitative and quan-
titative results. Geometry and quality of the machined surfaces depend mainly on 
the appropriate selection process parameters. Table 1 shows detailed AWJ process 
parameters for different machining operations.

In the present chapter, in order to identify the machining capability of Mg-based 
materials, experimental investigations on AWJ linear cutting and AWJ drilling 
operations were carried out. The effect of input parameters on the depth of penetra-
tion and surface integrity of AZ91 alloy and nanocomposites was analyzed. AWJ 
drilling of AZ91 Mg alloy was carried out and compared with conventional and jig 
boring processes. Overview of AWJ is turning, and AWJ milling operations were 
discussed. Further research possibilities in AWJ machining Mg-based materials are 
also highlighted.
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tions and extended capabilities, AWJM has become the hot choice among different 
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processing temperatures, and most importantly there is no HAZ [28]. Therefore 
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et al. [29] investigated the surface integrity of Mg-based nanocomposites generated 
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traverse speed results in the poor surface finish. Furthermore, it was concluded that 
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Due to omnidirectional cutting capabilities of AWJM at higher feed rates, it 
is considered to be the fastest machining option for MMCs [30]. Based on avail-
able literature, it can be concluded that even though LAM/LBM and EDM can 
be efficiently used to machine Mg-based materials, the risk of ignition cannot be 
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for Mg-based materials. Below are some of the distinct advantages of AWJ machin-
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parameters for different machining operations.

In the present chapter, in order to identify the machining capability of Mg-based 
materials, experimental investigations on AWJ linear cutting and AWJ drilling 
operations were carried out. The effect of input parameters on the depth of penetra-
tion and surface integrity of AZ91 alloy and nanocomposites was analyzed. AWJ 
drilling of AZ91 Mg alloy was carried out and compared with conventional and jig 
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Figure 1. 
State-of-the-art AWJM technology.

4.1 AWJ linear cutting

Being most important in industrial applications, depth of penetration and surface 
quality decides the efficiency, process capability, and performance of AWJ. During 
past decades theoretical and experimental investigations were made to determine 
the cutting performance of ductile materials such as aluminum and its alloys, mild 
steel, stainless steel, copper, brass, etc., with AWJ machining technology [34–36]. 
However, limited studies are available on AWJ machining of Mg-based materials. 
Therefore in the present section, experimental investigations were carried out to 
know the penetration capability and surface quality of AZ91 Mg alloy and nanocom-
posites by AWJ linear cutting. OMAX 1515 state-of-the-art AWJ machine equipped 
with 30 Hp direct drive pump to create water pressure ranging 100 MPa to 345 MPa 
shown in Figure 1 was used to carry out experiments. The machine also supported 
with gravity feed-type abrasive hopper and pneumatically controlled three axis 
movements with traverse speed capacity of 1 mm/min to 8000 mm/min.

AZ91 Mg alloy and nanocomposites with volume percentage of 1, 1.5, and 2% Al2O3 
nanoparticles (<50 nm) produced by stir casting were used to conduct experiments. 
Elemental composition of AZ91 is shown in Table 2 (obtained by EDS) analysis. 
Figure 2 shows EDS spectrum of AZ91-nanocomposites containing 1% Al2O3.

AWJ parameters Machining parameters

Linear cutting Drilling Milling Turning

Water pressure
Jet diameter
Abrasive particle size
Abrasive material
Abrasive flow rate
Abrasive condition
Mixing tube length
Mixing tube diameter

SOD
AOI
TS
Material 
thickness
Number of 
passes

Angle
SOD
Dwell time
Material 
thickness

TR
Lateral 
increment
Number of 
passes
Number of 
sweeps

Rotational speed
Direction of 
rotation
Angle
Traverse rate
Initial diameter
Final diameter
DOC

Output variables (dependent)

DOP
Width of cut
Surface finish

Diameter
Drilling time
Hole shape

VMR
Depth control

Turned diameter
Surface finish
Machining time

Table 1. 
AWJM process parameters for different operations [33].
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4.1.1 Experimental conditions

In the present study, influence of only major dynamic parameters such as water 
pressure, traverse speed, and abrasive mass flow rate on the depth of penetration 
and surface integrity is considered. Topography and microstructural features of cut 
surfaces were examined using SEM technique. All the linear cutting experiments 
were carried out using standard 80 mesh garnet particles. L18 orthogonal array 
was used to conduct cutting experiments. Specimen was prepared into trapezoidal 
shape to make through cuts. This method of making trapezoidal shape is popular 
among different methods to determine the DOP. Profile projector was used to 
obtain exact depth of cuts since this method gives accurate values compared to 
other methods [37]. Table 3 shows detailed experimental conditions.

4.1.2 Results and discussion

4.1.2.1 Effect of input parameters on the depth of penetration

The effect of control factors such as water pressure, traverse speed, and mass 
flow rate on the depth of penetration was analyzed by considering mean values of 
depth of penetration. Figure 3 shows the effect of input parameters on the depth 
of penetration in AZ91 magnesium alloy and nanocomposites. It can be observed 
that depth of penetration increases with an increase in water pressure, due to the 
increase in kinetic energy of water and abrasive particles with an increase in water 
pressure. In contrast, more energy of the particles as well as water was able to 
remove more material. It is also observed that, when compared to Az91 Mg alloy, 
penetration ability of Mg nanocomposites decreases with increase in vol. % of Al2O3, 
since MMCs offer resistance to the jet penetration due to the presence of harder 
 nanoceramic particles.

Al Zn Mn Si Cu Fe Be Magnesium

9.41 1.42 0.25 0.03 0.003 0.015 0.001 Rest

Table 2. 
Elemental composition of AZ91 Mg alloy.

Figure 2. 
EDS spectrum of AZ91/1% Al2O3 nanocomposites.
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4.1.1 Experimental conditions

In the present study, influence of only major dynamic parameters such as water 
pressure, traverse speed, and abrasive mass flow rate on the depth of penetration 
and surface integrity is considered. Topography and microstructural features of cut 
surfaces were examined using SEM technique. All the linear cutting experiments 
were carried out using standard 80 mesh garnet particles. L18 orthogonal array 
was used to conduct cutting experiments. Specimen was prepared into trapezoidal 
shape to make through cuts. This method of making trapezoidal shape is popular 
among different methods to determine the DOP. Profile projector was used to 
obtain exact depth of cuts since this method gives accurate values compared to 
other methods [37]. Table 3 shows detailed experimental conditions.

4.1.2 Results and discussion

4.1.2.1 Effect of input parameters on the depth of penetration

The effect of control factors such as water pressure, traverse speed, and mass 
flow rate on the depth of penetration was analyzed by considering mean values of 
depth of penetration. Figure 3 shows the effect of input parameters on the depth 
of penetration in AZ91 magnesium alloy and nanocomposites. It can be observed 
that depth of penetration increases with an increase in water pressure, due to the 
increase in kinetic energy of water and abrasive particles with an increase in water 
pressure. In contrast, more energy of the particles as well as water was able to 
remove more material. It is also observed that, when compared to Az91 Mg alloy, 
penetration ability of Mg nanocomposites decreases with increase in vol. % of Al2O3, 
since MMCs offer resistance to the jet penetration due to the presence of harder 
 nanoceramic particles.

Al Zn Mn Si Cu Fe Be Magnesium

9.41 1.42 0.25 0.03 0.003 0.015 0.001 Rest

Table 2. 
Elemental composition of AZ91 Mg alloy.

Figure 2. 
EDS spectrum of AZ91/1% Al2O3 nanocomposites.
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Figure 3. 
Effect of input parameters on depth of penetration.

Relationship between traverse speed and depth of penetration indicates that 
increasing the traverse speed lowers the impact of numbers of abrasive particles 
and results in decreasing the depth of penetration. The influence of traverse speed 
on the depth of penetration, therefore, lies on the exposure time of abrasive water 
jet. The lesser the exposure time, the more the depth of penetration. The effect of 
mass flow rate on the depth of penetration indicating an increase in abrasive mass 
flow increases the depth of penetration due to the participation of large number of 
abrasive particles in cutting. This trend remains stable till the value of mass flow 
rate reaches to a critical level. After that depth of penetration decreases since the 
higher abrasive flow rates sometimes block the nozzle and at higher abrasive mass 

Dynamic parameters

Water pressure (Pw) Unit Level 1 Level 2 Level 3

MPa 100 200 300

Traverse speed (ts) mm/min 150 300 400

Mass flow rate (mf) g/min 309 425 611

Constant parameters

Abrasive mesh size 80

Orifice (jewel) diameter mm 0.35 and material is sapphire

Focusing nozzle diameter mm 0.76 and material is tungsten carbide

Angle of target 90°

Standoff distance mm 1.5

Table 3. 
Detailed machining conditions selected for cutting experiments.
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flow rates. Due to some damping mechanisms such as generation of water-solid 
films and abrasive particles, collision in mixing chamber significantly reduces the 
specific energy of abrasive particles [38]. It is evident from the previous studies that 
the velocity of abrasive particles decreases with an increase in abrasive mass flow 
rate [39–41]. This reduces the depth of penetration.

4.1.3 Topography of cut surfaces

Literatures have witnessed solid particle impact in the material removal process 
by abrasive water jets by erosion [42]. In ductile materials, material removal process 
is divided into two zones such as micro cutting zone observed at the top surface and 
deformation zone, which occurs at the bottom surface [43]. Similar observations were 
noted down in surfaces of MMC [44]. In the micro cutting region, material removal 
takes place by sharp-edged and angular abrasive particles at low cutting depths. Impact 
of the abrasive particles at shallow angles promotes micro cutting, termed as “cutting 
wear.” At larger cutting depths, the impact angle of abrasive particles becomes more 
obtuse and causes “deformation wear.” Plowing is responsible for material removal 
in the bottom region due to spherical abrasive particles [45]. Deformation wear zone 
is affected by surface waviness caused due to instabilities of the water jet. Loss of jet 
energy reduces the capacity of material removal creating waviness and thus dividing 
cutting and deformation wear zones as shown in Figure 4.

4.1.4 Integrity of the cut surfaces

A surface characteristic of cut surfaces is evaluated in two regions, i.e., smooth 
cutting zone (SCZ) and rough cutting zone (RCZ) as shown in Figure 5 [46, 47]. 
Surface integrity of cut surfaces can be obtained by measuring surface roughness 
in both regions using either a contact-type or noncontact-type measuring device. 
Most of the researchers have used optical profiler for measuring surface roughness 
which is the noncontact type. Several researchers have used contact-type roughness 
measuring devices, which use a stylus tip to measure waviness of the surface.

In the SCZ, initially the surfaces are clear and smooth but affected by the 
formation of uniform wear tracks in the direction of the jet traverse at the bottom 
portion of the SCZ. Since this zone is shared by both micro cutting and deformation 
modes, surface roughness increases further down the surfaces. In RCZ the surface 
roughness is affected by striations caused by deflected water jet. Figure 5 shows 
the presence of deviated wear tracks with waviness produced by a stream of the 

Figure 4. 
Material removal mechanism.
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flow rates. Due to some damping mechanisms such as generation of water-solid 
films and abrasive particles, collision in mixing chamber significantly reduces the 
specific energy of abrasive particles [38]. It is evident from the previous studies that 
the velocity of abrasive particles decreases with an increase in abrasive mass flow 
rate [39–41]. This reduces the depth of penetration.

4.1.3 Topography of cut surfaces

Literatures have witnessed solid particle impact in the material removal process 
by abrasive water jets by erosion [42]. In ductile materials, material removal process 
is divided into two zones such as micro cutting zone observed at the top surface and 
deformation zone, which occurs at the bottom surface [43]. Similar observations were 
noted down in surfaces of MMC [44]. In the micro cutting region, material removal 
takes place by sharp-edged and angular abrasive particles at low cutting depths. Impact 
of the abrasive particles at shallow angles promotes micro cutting, termed as “cutting 
wear.” At larger cutting depths, the impact angle of abrasive particles becomes more 
obtuse and causes “deformation wear.” Plowing is responsible for material removal 
in the bottom region due to spherical abrasive particles [45]. Deformation wear zone 
is affected by surface waviness caused due to instabilities of the water jet. Loss of jet 
energy reduces the capacity of material removal creating waviness and thus dividing 
cutting and deformation wear zones as shown in Figure 4.

4.1.4 Integrity of the cut surfaces

A surface characteristic of cut surfaces is evaluated in two regions, i.e., smooth 
cutting zone (SCZ) and rough cutting zone (RCZ) as shown in Figure 5 [46, 47]. 
Surface integrity of cut surfaces can be obtained by measuring surface roughness 
in both regions using either a contact-type or noncontact-type measuring device. 
Most of the researchers have used optical profiler for measuring surface roughness 
which is the noncontact type. Several researchers have used contact-type roughness 
measuring devices, which use a stylus tip to measure waviness of the surface.

In the SCZ, initially the surfaces are clear and smooth but affected by the 
formation of uniform wear tracks in the direction of the jet traverse at the bottom 
portion of the SCZ. Since this zone is shared by both micro cutting and deformation 
modes, surface roughness increases further down the surfaces. In RCZ the surface 
roughness is affected by striations caused by deflected water jet. Figure 5 shows 
the presence of deviated wear tracks with waviness produced by a stream of the 

Figure 4. 
Material removal mechanism.
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Figure 6. 
3-D images of SCZ and RCZ.

deflected water jet. In cutting AZ91 magnesium alloy, the embedment of spheri-
cal abrasive particles and pocket-like structures is observed at the shallow impact 
angles as shown in Figure 4. The surface roughness at RCZ zone is higher than SCZ 
zones. Figure 6 shows the 3-D images of SCZ and RCZ generated in optical profiler.

The surface roughness of the AZ91 and nanocomposites in the SCZ zones is 
found between 5–20 μm and 20–40 μm in RCZ at lower traverse speeds. This is due 
to the increase in the impact of a number of abrasive particles and exposure time. 
Surface roughness is a function of water pressure because the kinetic energy of 
water jet increases the velocity of particles which in turn increases the surface qual-
ity, and also the influence of abrasive mass flow rate on surface roughness depends 
mainly on water pressure. However, at higher traverse speeds, an increase in water 
pressure increases the surface roughness. Hence traverse rate is the most significant 
parameter in deciding the quality of cut at two zones.

4.2 AWJ drilling

Earlier studies have proven that AWJ technology is a viable tool for drilling differ-
ent materials such as pure commercial aluminum, Al6061, brass, S1030 low-carbon 
steel, D-3 cold working tool steel, etc. AWJ drilling does not affect microhardness 
and mechanical properties of the material [48]. Burr-free surfaces can be obtained 
in AWJ drilling. Drilling at different angles is also quite convenient with AWJ. In AWJ 
technology drilling can be performed by tilting the cutting head up to 590. Though 
many types of research are carried out in drilling different materials, no work has 
been notably reported on drilling of Mg-based materials through AWJ technology. In 
the present section, experimental investigations are carried out to know the features 
of holes drilled by AWJ in Mg alloy. Surface roughness and taper of drilled holes are 
measured and compared with holes drilled by conventional drilling and jig boring.

Figure 5. 
Regions of cut surfaces.
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Five holes with diameter 3, 5, 10, 15, and 20 mm were drilled in 40 mm thick 
AZ91 Mg alloy block. Roundness and taper of drilled holes were obtained using 
profile projector. Drilling time of each hole was also determined and compared. The 
conditions at which the holes were drilled are given in Table 4.

Table 5 gives actual dimensions of five holes drilled by different methods 
measured using a profile projector with taper percentage. Diameters of drilled holes 
were measured in both sides (top and bottom) to know the variations in drilled 
holes. It can be observed that compared to holes drilled by conventional methods, 
AWJ-drilled holes were affected by the taper. The taper was comparatively higher in 
drilling less than 5 mm hole. This is due to hit back of jet from the channel dur-
ing the drilling process, and this trend will last until full penetration is achieved. 
Meanwhile, the base hole will be abraded by the perimeter of the jet and thus 
affects the shape (roundness) and diameter of the hole as shown in Figure 7. When 
compared to other methods, AWJ-created holes are slightly larger than the required 
size and require comparatively more time to drill holes.

Figure 8 shows a cross section of holes drilled in AZ91 Mg block using three differ-
ent methods. The surface roughness of drilled surfaces with diameter 10, 15, 20 mm 
were measured using contact-type Taylor and Hobson surface roughness measuring 
instrument by considering 5 mm cutoff length. Measurement was taken in three regions 
of the depth (top-middle-bottom) of drilled surfaces. The average of three readings in 
each zone is noted down. Table 6 gives surface roughness (Ra) of drilled surfaces.

Desired Φ Conventional Taper % Jig boring Taper % AWJ Taper %

Φ at top Φ at 
bottom

Φ at top Φ at 
bottom

Φ at top Φ at 
bottom

2.5 2.384 2.451 0.17 2.375 2.435 0.15 3.526 2.321 3.012

5 5.129 4.955 0.44 4.930 5.071 0.35 5.841 5.263 1.445

10 9.960 9.981 0.05 10.013 10.069 0.13 10.555 10.161 0.985

15 14.796 15.133 0.84 14.790 15.196 1.09 15.375 15.021 0.885

20 19.549 20.211 1.66 19.867 20.207 0.85 20.355 20.100 0.637

Table 5. 
Dimensions and taper percentage of drilled holes.

Figure 7. 
Roundness of holes produced by AWJ.

Figure 8. 
Cross section of drilled holes.
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From Table 6, it can be observed that the surface roughness of AWJ-drilled holes 
is more than the other two methods in all the regions. Surface roughness increases 
with increase in depth. This is due to loss of jet energy and a decrease in cutability 
of the abrasive particles at higher depths and thus deteriorates the surface quality. 
However comparable results can be achieved by AWJ technology when compared 
to conventional drilling. Despite few drawbacks, AWJ drilling offers several advan-
tages over other methods. No burrs are observed in the AWJ-drilled surfaces, unlike 
conventional methods. Adhesion of the material to the drill bit, especially in drilling 
less than 5 mm diameter holes, is observed in both conventional methods as shown in 
Figure 9. Formation of FBU increases heat generation during drilling. This tendency 
of the Mg-based materials to adhere to the drill bits is a serious problem. Formation of 
FBU is completely absent in AWJ drilling since there is no direct contact between tool 
and work. Therefore risk-free drilling is possible through AWJ technology.

5. Other alternative operations with AWJ

The versatility of AWJ technology makes it suitable for cutting almost all 
engineering materials. Besides cutting and drilling of materials as discussed in the 
previous section, AWJ technology has been successfully implemented to perform 
some of the essential machining operations such as turning, milling, finishing, 
and piercing. Several investigations are carried out on these machining operations 
with promising results. Thus AWJ technology has become a potential machine tool 
for modern machining industries. This section highlights the suitability of AWJ in 
turning and milling operations based on past studies. Research possibilities in AWJ 
technology are also discussed.

5.1 AWJ turning

In AWJ turning, workpiece is rotated while the jet is traversed parallel to the axis 
of workpiece to produce the required shape. Research efforts on AWJT were started 
by Hashish during 1987; since then several experimental investigations on different 
machining operations were made to produce near net shape parts with faster material 

Measurement zone Conventional Jig boring AWJ

Top (0–13 mm) 2.65 μm 0.93 μm 3.96 μm

Middle (14–26 mm) 3.99 μm 1.48 μm 4.47 μm

Bottom (26–40 mm) 4.30 μm 1.57 μm 5.09 μm

Table 6. 
Ra of drilled surfaces measured in different depths.

Figure 9. 
Adhesion of material to the drill bit.
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From Table 6, it can be observed that the surface roughness of AWJ-drilled holes 
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with increase in depth. This is due to loss of jet energy and a decrease in cutability 
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removal rate [49]. Investigations on samples of Mg-boron carbide MMC, glass, 
and aluminum concluded suitability of AWJ for performing alternative machining 
operations.

Preliminary investigations on AWJT has revealed that AWJ turning is less 
sensitive to the type of material being machined unlike conventional machining, 
no microstructural changes were observed on AWJ machined surfaces, tensile 
properties of cylindrical specimens turned by AWJ remains unaffected, and relative 
insensitivity of AWJ to length-to-diameter ratio of work piece enables the process to 
turn long and small diameter components. Figure 10 shows the tensile test Mg-B4C 
MMC specimens produced by AWJT. No appreciable microhardness changes were 
observed during turning of Mg-B4C MMC and aluminum. No ignition issues were 
observed during machining.

Investigations conducted by the University of Rhode Island [50, 51] have witnessed 
machining of screw threads on composite materials. Furthermore, it was revealed that 
a thread produced by AWJ has an excellent potential to provide sufficient joint strength 
when compared to adhesive bonded joints. Minimal structural damage on machined 
surfaces was observed during microstructural examinations. Still there are plenty of 
research opportunities which are open in AWJT field to expand the applications of 
AWJ in different areas. Detailed studies on AWJT economics, a wide range of machin-
ing parameters, and multi-objective optimization still need to be considered in order to 
make AWJT the most economical and alternative tool for machining.

5.2 AWJ milling

Milling is one of the important alternative machining operations that can be 
performed by AWJ. AWJ milling has been systematically utilized where conven-
tional machining of material is insufficient to apply. The capability of AWJ in 
cutting complex shapes with controlled depth has witnessed the success of AWJ 
milling. Recent studies have proven AWJ technology as the best alternative for mill-
ing manufacturing standard flat tensile specimens [52]. In earlier days conventional 
milling was the only method which was accepted internationally for manufacturing 
of standard sheet-type tensile specimens. Drawbacks of conventional milling in 
manufacturing flat tensile specimens, such as difficulties in clamping of thin sheets, 
requirement of milling tool with same diameter as filler radii of the tensile speci-
men, contouring several times to obtain desired shapes etc., have created circum-
stances to choose alternative nontraditional methods [53].

Advantages such as lesser manufacturing time, reasonable material removal 
rate, and minimal deformation stress made AWJ milling a viable alternative for 
conventional milling. Feasibility of AWJ in milling was first proposed by Hashish 
in 1989 [54]. Investigations on volume removal rates and surface finish of differ-
ent materials such as titanium, aluminum, and Inconel were made through linear 
cutting experiments. Cutting parameters such as traverse speed, number of passes, 
etc. were varied at different levels. Results were compared with other methods, and 
some of the critical observations noted from the results are listed below:

Figure 10. 
Tensile specimens produced by AWJ in Mg-B4C MMC [49].

75

Abrasive Water Jet Cutting: A Risk-Free Technology for Machining Mg-Based Materials
DOI: http://dx.doi.org/10.5772/intechopen.85209

• Waterjet nozzles that are used for slot cutting are sufficient to do milling 
operations.

• Reasonable material removal rates can be achieved by AWJ milling with 
relatively low power levels.

• AWJ machining is environmentally acceptable and safe.

• In terms of energy utilization for material removal, AWJ milling is the most 
efficient method over other methods.

Figure 11 shows some of the complex shapes (a) and profiles of helical (b) and 
spur gear (c) produced by AWJ milling.

6. Conclusion

Present study gives comprehensive overview of abrasive water jet cutting tech-
nology for machining Mg-based materials and Mg-MMCs. Penetration capability of 
AZ91 and Mg nanocomposites was investigated through linear cutting experiments. 
Drilling of holes with different sizes in AZ91 was performed using conventional 
drilling and jig boring and compared with holes drilled by AWJ. These experimental 
investigations on machining operations such as linear cutting and drilling have 
revealed suitability and capability of AWJ. The present study also highlighted 
the application areas of AWJ in milling and turning of different materials includ-
ing MMCs. However experimental investigations made in the present study was 
preliminary and requires detailed process economics, optimization, and compara-
tive studies to extend and explore research possibilities. Performance, capability, 
and applications of AWJ in machining different grades of Mg and Mg-MMC can be 
further extended with the use of advanced modeling techniques.

Figure 11. 
Profile of helical gear produced by AWJ (a) logo in AM60 Mg alloy, (b) spur gear profile in AM60 Mg alloy, 
and (c) cast iron helical gear profile.
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Based on preliminary studies on linear cutting and drilling operations, the fol-
lowing conclusions can be made:

• Pressure remains dominant in deciding depth of cut in both AZ91 Mg alloy and 
nanocomposites. Traverse speed decides the quality of cut generated by water 
jets. The lower the traverse speed, the higher the surface quality, and surface 
quality deteriorates with increase in traverse speed. The abrasive mass flow rate 
has the least effect on both penetration and surface quality. Similar observa-
tions are obtained in machining different ductile materials with AWJ.

• Drilling of AZ91 Mg alloy also revealed acceptable results when compared to 
conventional drilling and jig boring. No fire ignition issues aroused during both 
machining operations. The use of profile projector is found to be the accurate 
and straightforward way of finding the depth of penetration in linear cutting 
operations and obtaining roundness of AWJ-drilled holes.

• Apart from linear cutting, AWJ can be successfully utilized for other machin-
ing operations such as milling and turning of Mg-based materials. Complex 
shapes and profiles of different types of gears can be easily produced by AWJ 
with lesser time compared to other NTM and conventional methods.

• AWJ machining of Mg-based materials is the less studied area. Primary results 
presented in the chapter contribute to the optimization of AWJ process in 
machining Mg-based materials.

• Overall it can be concluded that AWJM technology could be ideal for flexible 
and risk-free machining of Mg-based materials and Mg-MMCs.
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Chapter 6

Dissimilar Welding and Joining of 
Magnesium Alloys: Principles and 
Application
Kavian O. Cooke, Abdulaziz Alhazaa and Anas M. Atieh

Abstract

The growing concerns regarding fuel consumption within the aerospace and 
transportation industries make the development of fuel-efficient systems a sig-
nificant engineering challenge. Currently, materials are selected because of their 
abilities to satisfy engineering demands for good thermal conductivity, strength-to-
weight ratio, and tensile strength. These properties make magnesium an excellent 
option for various industrial or biomedical applications, given that is the lightest 
structural metal available. The utilization of magnesium alloys, however, requires 
suitable welding and joining processes that minimizes microstructural changes 
while maintaining good joint/bond strength. Currently, magnesium are joined 
using; mechanical fastening, adhesive bonding, brazing, fusion welding processes 
or diffusion bonding process. Fusion welding is the conventional process used 
for joining similar metals. However, the application of any welding technique to 
join dissimilar metals presents additional difficulties, the principal one being; the 
reaction of the two metals at the joint interface can create intermetallic com pounds 
that may have unfavorable properties and metallurgical disruptions which dete-
riorates the joint performance. This chapter investigates the welding and joining 
technologies that are currently used to join magnesium alloys with emphasis on the 
development of multi-material structures for applications in the biomedi cal indus-
tries. Multi-material structures often provide the most efficient design solution to 
engineering challenges.

Keywords: magnesium, solid-state diffusion bonding, friction stir welding, 
dissimilar joining, transient liquid phase

1. Introduction

The interest in the use of lightweight materials and alloys has significantly 
increased in recent years due to excellent mechanical and chemical characteristics; 
such as high specific strength, low weight, and corrosion resistance. Magnesium is a 
popular industrial metal and it is the lightest of all, estimated to be 33% lighter than 
aluminum and ~75% lighter than steel, with a density of 1.74 g/m3 [1]. Magnesium 
has a hexagonal closed pack (HCP) crystalline structure that resists the slip to 
parallel basal planes and therefore, magnesium cannot be plastically deformed at 
room temperature, because the work hardening rate is high, and ductility is low. 
Therefore, magnesium alloys are formed above 226°C with a range of 343–510°C as 
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the slip process becomes easier at elevated temperatures. Anisotropy during defor-
mation is the other consequence of the HCP structure in cold-formed sheets.

The industrial and biomedical demand for components made from light-weight 
materials have only increased over the last decade [1]. In its pure state, magnesium is 
ductile and possesses low tensile strength in the range of 20 MPa. Engineering appli-
cations, however, require greater strength as such magnesium if frequently alloyed 
with elements such as; Al, Mn, Zn, Li, Ag, Ca and Cu along with various minor alloy-
ing elements. The utilization of magnesium alloys has seen an increase at the rate of 
15% and is predicted to go even higher over the next decade. Currently, magnesium is 
used widely as a structural material due to low density and favorable damping char-
acteristics, low casting costs and machinability [2]. However, new magnesium alloys 
are being developed with enhanced corrosion resistance and enable these materials 
to operate satisfactorily inside the human body. The corrosion resistance of these 
materials has been shown to be inversely proportional to the volume of impurity  
(Fe, Ni, and Cu) present in the alloy. Currently, the high purity ZX50 Mg alloy and 
high purity Mg-Al alloys have shown the greatest degree of success.

A major challenge in using these materials is the unavailability of suitable weld-
ing technique capable of both similar and dissimilar welding of magnesium alloys 
[3]. Currently, magnesium alloys used in dissimilar welding processes are joined by 
resistance spot welding, laser welding, friction stir welding, and diffusion bonding. 
Extensive research has been devoted to the development of technologies capable of 
joining these alloys while preventing significant microstructural changes commonly 
observed during fusion welding of advanced composites. This chapter will investi-
gate welding and joining technologies which are currently used to join magnesium 
alloys with emphasis on diffusion bonding as a technique for the development 
of multi-material structures for applications in the biomedical industries. Multi-
material structures often provide the most efficient design solution to engineering 
challenges. The use of several metals in the construction of multi-material struc-
tures is limited by the ability of the available welding/joining technologies to join 
dissimilar materials together.

2. Welding metallurgy of magnesium alloys

Fusion welding of magnesium alloys has been studied using several technologies 
which include; gas tungsten arc welding (TIG), gas metal arc welding (MIG), laser 
welding and ultrasonic welding. During TIG welding, an arc is produced between a 
non-consumable electrode and the workpiece, which melts the base metal to form 
a weld/joint as shown in Figure 1. The joint and surrounding areas can be divided 
into regions consisting of the weld pool (with a cast structure) and a heat affected 
zone (HAZ). The microstructural changes within these regions occur due to the 
temperature gradient from the weld pool to the base metal alloy as shown in Figure 2. 
Shielding flux either in solid or gaseous form is required to protect the weld pool from 
exposure to oxygen.

TIG welding is considered as the most preferred industrial welding method 
for reactive materials such as magnesium; this is attributed to better economy and 
applicability, which makes it an excellent choice for joining magnesium and its 
alloys. Previous work on joining Mg alloys showed that TIG welding may result 
in a joint strength of up to 94% of the shear strength of the Mg base metal alloy. 
However, grain size variation from 6 to 23 μm occurred, across the weld pool, 
heat affected zone (HAZ) region, and Mg base metal alloy, when TIG welding is 
applied without a filler wire [4]. On the other hand, Peng et al. [5] showed that 
dissimilar joining of magnesium alloys AZ31 and AZ61 using TIG welding can 
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achieve a bond strength of 84%. In their recent work, Song et al. [4] also showed 
that laser TIG welding produced good weldability and joint strength in Mg alloys 
when compared with hybrid welding. The hybrid welding approach resulted in a 
more flexible and reliable methodology for industrial application for magnesium 
alloys welding. The increased joint strength of Mg-AZ31 joints produced by hybrid 
TIG welding was attributed to the formation of a partially melted zone (PMZ) 
[4]. Several researchers successfully achieved dissimilar joining of magnesium 
alloys. The results of these studies demonstrated that while it is possible to join 
magnesium using TIG welding the heat input during welding results in significant 
changes in the HAZ that limits the strength of the joints produced. Figure 2 shows 
an optical micrograph of fusion zone and the heat affected zone (HAZ) for two 
types of magnesium alloys joined using TIG welding, while the chemistry of the 
materials is different, the microstructural changes within the FZ and HAZ are 
similar in both alloys [4, 6].

Similarly, MIG welding has been shown by several researchers to be capable 
of joining magnesium alloys with greater speed when compared to TIG welding. 
Unique fast rigging proportions are normally required in the wire feeders since 
the magnesium terminal wire has a high melt-off rate. The typical wire feeder and 
power supply utilized for aluminum welding will be appropriate for welding mag-
nesium. The heat input during MIG welding of magnesium alloys, however, results 
in the formation of a large HAZ containing a coarse grain structure which lowers 
the mechanical performance of the weld [7].

Recent studies in resistance spot welding (RSW) of magnesium alloys have dem-
onstrated that dissimilar RSW of magnesium AZ31 to aluminum Al5754 coated with 
nanostructured electrodeposited coating prevented intermetallic formation while 
enhancing joint strength. RSW is the most common welding technique used in the 

Figure 1. 
Micrographs showing the transverse section of joint welded by (a) TIG welding (b) ultrasonic welding [4]. 

Figure 2. 
Microstructures of the welding joint produced by TIG welding (a) AZ31 side of the weld; (b) fusion zone; (c) 
AZ80 side of the weld [4].
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onstrated that dissimilar RSW of magnesium AZ31 to aluminum Al5754 coated with 
nanostructured electrodeposited coating prevented intermetallic formation while 
enhancing joint strength. RSW is the most common welding technique used in the 

Figure 1. 
Micrographs showing the transverse section of joint welded by (a) TIG welding (b) ultrasonic welding [4]. 

Figure 2. 
Microstructures of the welding joint produced by TIG welding (a) AZ31 side of the weld; (b) fusion zone; (c) 
AZ80 side of the weld [4].
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automotive industry because it is inexpensive, easily automated, and capable of pro-
ducing high-quality welds [8]. The process is based on the contact resistance between 
the metals to be joined and the electrodes [9]. During the process, a weld nugget is 
formed by the melting of the materials as the temperature increases due to the materi-
als’ resistance. The heat generated during resistance spot welding (RSW) is based on 
Joule’s law. However, the presence of surface oxides on magnesium alloys necessitates 
the use of high welding current because of the high contact resistance which also leads 
to rapid erosion of electrode tips used in the welding process. The scientific literature, 
however, shows that the heat input by RSW dissimilar joining of Al-Mg alloys leads 
to the formation of Al12Mg17 and Al3Mg2 intermetallic compounds within the weld 
nugget [10–12]. A recent study using Ni/TiO2 interlayer showed that the intermetal-
lic formation during dissimilar resistance spot welding of magnesium to aluminum 
can be controlled with the inclusion of nanoparticles at the interface (see Figure 3) 
however, the addition of a coating step in the process extends the process time [13]. 
Despite the advancements that have been made regarding the impact of interlayers 
such as Zn as an interlayer between Al/Mg alloys, gold coated Ni interlayer [14, 15] and 
adhesive interlayers [16], to enhance the mechanical properties of the joints.

Laser welding, on the other hand, permits dissimilar joining of magnesium 
alloys while limiting the width of the HAZ, due to a smaller diameter beam and 
greater control of power input. However, the equipment used for laser welding 
is expensive and requires skilled operators. Furthermore, laser welding is usually 
applied to delicate and thin sheets due to the low penetration of laser beam into the 
materials. Ultrasonic spot welding (USW) have also been shown to eliminate some 
of the challenges encountered during RSW since the amount energy input into the 
material during welding is significantly lower, typically in the range of 0.5–1.2 kJ 
and requires a shorter welding time [17]. Figure 1(B) shows the microstructure of a 
bond made by ultrasonic welding. The formation of Mg2Sn layer at the interface has 
been shown to limit the mechanical strength of the weld.

Figure 3. 
SEM micrograph showing: (A) Al/Ni–TiO2/Mg spot weld, (B) microstructure of point-8, (C) Al/weld nugget 
interface and (D) microstructure of point-9 [13].
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A major challenge in welding magnesium alloys, however, is the presence of a 
surface oxide. Magnesium has a relatively low melting point, however, the surface 
oxide has a high melting point, as such removal of the surface oxide is required 
before welding of the metal. Additionally, several quality issues have been shown to 
arise during fusion welding of magnesium alloys. For example; large shrinkage dur-
ing solidification and high chemical reactivity of Mg makes it very difficult to weld 
using traditional welding techniques [18], hence, Mg is usually alloyed with alumi-
num, zinc, and manganese for commercial usage [18]. A critical consideration is 
necessary for welding Mg alloys that may be affected by the properties of the alloy-
ing elements [19]. Any oxygen in contact with the weld pool, regardless of whether 
from the climate or the protecting gas, causes dross. Therefore, an adequate stream 
of idle protecting gases is essential, and welding in moving air ought to be avoided.

While fusion welding has been successfully used for similar metal joining of mag-
nesium alloys, dissimilar welding of magnesium alloys to metals such as: steel [20], 
aluminum [21], and titanium has significant limitations due to the formation of inter-
metallic compounds within the joint region that minimize the joint strength and lim-
its potential applications. The formation of various Mg-Al intermetallic compounds is 
detrimental to the mechanical performance of the materials. The formation of these 
compounds can be minimized with the use of interlayers between the materials to be 
joined. Given the potential for intermetallic formation, various joining techniques 
have been extensively studied with the objective being to minimize the formation of 
intermetallic compounds during joining while improving joint performance. Some of 
these techniques include friction stir welding, resistance spot welding, laser welding, 
ultrasonic welding, and diffusion bonding. These limitations have led to a preference 
for solid-state joining techniques to weld/join Mg and its alloys to other metals.

3. Friction stir welding

Friction stir welding (FSW) is a solid-state welding process that was developed 
at The Welding Institute (TWI) [22]. As explained by Mishra and Ma, the process 
is carried out by the use of a non-consumable rotating pin which travels along the 
joint to be welded [23]. The friction between the tool and the materials gener-
ates heat which softens the material [24]. Figure 4 shows a schematic of the FSW 

Figure 4. 
Schematic of the friction stir welding process.
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A major challenge in welding magnesium alloys, however, is the presence of a 
surface oxide. Magnesium has a relatively low melting point, however, the surface 
oxide has a high melting point, as such removal of the surface oxide is required 
before welding of the metal. Additionally, several quality issues have been shown to 
arise during fusion welding of magnesium alloys. For example; large shrinkage dur-
ing solidification and high chemical reactivity of Mg makes it very difficult to weld 
using traditional welding techniques [18], hence, Mg is usually alloyed with alumi-
num, zinc, and manganese for commercial usage [18]. A critical consideration is 
necessary for welding Mg alloys that may be affected by the properties of the alloy-
ing elements [19]. Any oxygen in contact with the weld pool, regardless of whether 
from the climate or the protecting gas, causes dross. Therefore, an adequate stream 
of idle protecting gases is essential, and welding in moving air ought to be avoided.

While fusion welding has been successfully used for similar metal joining of mag-
nesium alloys, dissimilar welding of magnesium alloys to metals such as: steel [20], 
aluminum [21], and titanium has significant limitations due to the formation of inter-
metallic compounds within the joint region that minimize the joint strength and lim-
its potential applications. The formation of various Mg-Al intermetallic compounds is 
detrimental to the mechanical performance of the materials. The formation of these 
compounds can be minimized with the use of interlayers between the materials to be 
joined. Given the potential for intermetallic formation, various joining techniques 
have been extensively studied with the objective being to minimize the formation of 
intermetallic compounds during joining while improving joint performance. Some of 
these techniques include friction stir welding, resistance spot welding, laser welding, 
ultrasonic welding, and diffusion bonding. These limitations have led to a preference 
for solid-state joining techniques to weld/join Mg and its alloys to other metals.

3. Friction stir welding

Friction stir welding (FSW) is a solid-state welding process that was developed 
at The Welding Institute (TWI) [22]. As explained by Mishra and Ma, the process 
is carried out by the use of a non-consumable rotating pin which travels along the 
joint to be welded [23]. The friction between the tool and the materials gener-
ates heat which softens the material [24]. Figure 4 shows a schematic of the FSW 

Figure 4. 
Schematic of the friction stir welding process.



Magnesium - The Wonder Element for Engineering/Biomedical Applications

88

Figure 6. 
Hardness profiles across Mg-alloys welded using friction stir welding and TIG welding.

Figure 7. 
EPMA results of the FSW region of the sample welded by using a weld-pitch ratio of 1400/40 r/mm in the 
cross-section perpendicular to the tool transverse direction. Element distribution: (A) Al and (B) Mg [36].

Figure 5. 
Weld produced by friction stir welding and the microstructure generated [26].
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process. The combination of tool rotation and localized softening of the material 
causes movement of the material leading to a weld. The process was first developed 
to weld aluminum alloys [22] previously described as non-weldable because of 
the adverse solidification microstructural formed in the fusion zone during fusion 
welding. Since its development, however, the technology has been applied to vari-
ous metal and alloys. Zhang [25] demonstrated that friction stir welding is a viable 
technique for joining magnesium alloys.

Mg joints produced by FSW are characterized by high joint strength, high 
fatigue resistance, less distortion, since consumables are not required hence it is 
cheaper and no loss of alloying elements occurs during the process [27, 28].

The literature shows that weld quality is dependent on the optimization of the 
welding parameters; tool shape, jig rotational speed, tool speed, and joint con-
figuration. In comparison to the traditional welding zones, the weld produced by 
FSW was characterized by four distinct zones as shown in Figure 5 [26, 29]. These 
regions include; stirring zone (SZ), thermo-mechanical affected zone (TMAZ), 
heat affected zone (HAZ), and base metal (BM) [26, 30]. Singh et al. [23] dem-
onstrated that FSW is capable of Mg weld with shear strength ranging from 66 to 
410 MPa and the hardness from 50 to 110 HVN which represents 60–195% joint 
efficiency compared to the base metal alloy. Figure 6 shows the hardness varia-
tion across the weld and confirms the hardness variations reported by Singh et al. 
The difference between the hardness recorded at the center of the weld and the 
base metal was attributed to the formation of IMCs with the weld during the FSW 
process. Similar findings were recorded by other researchers who studied different 
Mg alloys were welded using FSW such as; MgAZ31 [31, 32] and MgAZ31B [33], 
dissimilar joint of Al6061/MgAZ31B [34, 35]. Mohammadi et al. [36] demonstrated 
that while FSW can reduce the volume of intermetallic compounds formed during 
dissimilar welding, some IMCs will still form as shown in Figure 7.

4. Diffusion bonding

Diffusion bonding is a non-conventional solid-state welding process that can join 
a variety of materials in the solid state below the melting point of the base materials. 
The core mechanism involves the interdiffusion of atoms between the faying surfaces 
at the interface [37]. The process is frequently completed by one of two methods; 
firstly, solid-state diffusion bonding in which the base metals to be joined are heated 
to approximately 60% of the melting temperature of the metals under the influence 
of static load. Melting at the interface of the faying surfaces is prevented, however, 
interdiffusion of the diffusing species leads to the formation of solid-state bond. The 
second method is referred to as a transient liquid phase (TLP) diffusion bonding in 
which an interlayer is placed between the metals to be joined. Interdiffusion between 
the interlayer and the base metals facilitates the formation of a eutectic reaction 
which transitions from liquid to solid by isothermal solidification as the composition 
of the eutectic liquid changes due to diffusion. Each method will be further discussed 
below. A schematic of the diffusion bonding process is shown in Figure 8.

4.1 Solid-state diffusion bonding of magnesium alloys

Solid state diffusion bonding occurs due to the migration of atoms at the inter-
face of the materials to be joined. The faying surfaces do not undergo any metal-
lurgical discontinuity and as a result, the mechanical and microstructural property 
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the adverse solidification microstructural formed in the fusion zone during fusion 
welding. Since its development, however, the technology has been applied to vari-
ous metal and alloys. Zhang [25] demonstrated that friction stir welding is a viable 
technique for joining magnesium alloys.

Mg joints produced by FSW are characterized by high joint strength, high 
fatigue resistance, less distortion, since consumables are not required hence it is 
cheaper and no loss of alloying elements occurs during the process [27, 28].

The literature shows that weld quality is dependent on the optimization of the 
welding parameters; tool shape, jig rotational speed, tool speed, and joint con-
figuration. In comparison to the traditional welding zones, the weld produced by 
FSW was characterized by four distinct zones as shown in Figure 5 [26, 29]. These 
regions include; stirring zone (SZ), thermo-mechanical affected zone (TMAZ), 
heat affected zone (HAZ), and base metal (BM) [26, 30]. Singh et al. [23] dem-
onstrated that FSW is capable of Mg weld with shear strength ranging from 66 to 
410 MPa and the hardness from 50 to 110 HVN which represents 60–195% joint 
efficiency compared to the base metal alloy. Figure 6 shows the hardness varia-
tion across the weld and confirms the hardness variations reported by Singh et al. 
The difference between the hardness recorded at the center of the weld and the 
base metal was attributed to the formation of IMCs with the weld during the FSW 
process. Similar findings were recorded by other researchers who studied different 
Mg alloys were welded using FSW such as; MgAZ31 [31, 32] and MgAZ31B [33], 
dissimilar joint of Al6061/MgAZ31B [34, 35]. Mohammadi et al. [36] demonstrated 
that while FSW can reduce the volume of intermetallic compounds formed during 
dissimilar welding, some IMCs will still form as shown in Figure 7.

4. Diffusion bonding

Diffusion bonding is a non-conventional solid-state welding process that can join 
a variety of materials in the solid state below the melting point of the base materials. 
The core mechanism involves the interdiffusion of atoms between the faying surfaces 
at the interface [37]. The process is frequently completed by one of two methods; 
firstly, solid-state diffusion bonding in which the base metals to be joined are heated 
to approximately 60% of the melting temperature of the metals under the influence 
of static load. Melting at the interface of the faying surfaces is prevented, however, 
interdiffusion of the diffusing species leads to the formation of solid-state bond. The 
second method is referred to as a transient liquid phase (TLP) diffusion bonding in 
which an interlayer is placed between the metals to be joined. Interdiffusion between 
the interlayer and the base metals facilitates the formation of a eutectic reaction 
which transitions from liquid to solid by isothermal solidification as the composition 
of the eutectic liquid changes due to diffusion. Each method will be further discussed 
below. A schematic of the diffusion bonding process is shown in Figure 8.

4.1 Solid-state diffusion bonding of magnesium alloys

Solid state diffusion bonding occurs due to the migration of atoms at the inter-
face of the materials to be joined. The faying surfaces do not undergo any metal-
lurgical discontinuity and as a result, the mechanical and microstructural property 
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of the joint formed closely resembles those of the base materials [38]. Solid-state 
diffusion bonding goes through three distinct stages. The first stage includes; con-
tact of the faying surfaces. In this stage, removal of surface roughness and irregu-
larity play a significant role in ensuring good contact between the faying surfaces. 
Secondly, micro-plastic deformations at the interface, as the pressure inside the 
voids decreases and finally, grain boundary migration that fills the shrinkage and 
minimizes surface free energy. Surface preparation typically includes generation of a 
smooth surface and elimination of any oxides from the faying surfaces. Application 
of the pressure at the first stage ensures a good contact between the faying surfaces. 
Bonding pressure, temperature, and holding time are critical to achieving good 
bonds. Eq. (1) shows that the bonding temperature is proportional to the coefficient 
of the diffusing species. While the applied pressure ensures metal–metal contact and 
micro-plastic deformation of asperities at the interface of the faying surfaces.

  D =  D  o    e   −  Q ___ RT      (1)

Where, D is the diffusion coefficient of the diffusing species, Do is the 
 pre-exponential term, R is gas constant and T is the bonding temperature. While 
bonding/hold time can be directly related to the volume of the diffusing species 
using Fick’s second law of diffusion. Increasing the hold time is expected to enhance 
diffusion and strength the bond.

Diffusion bonding has been studied extensively as a method for both similar and 
dissimilar joining of magnesium alloys. The high temperature used in fusion weld-
ing process leads to the formation of intermetallic compounds, which have been 
shown to be detrimental to the mechanical performance of the joints when joining 

Figure 8. 
Schematic of the diffusion bonding process.

91

Dissimilar Welding and Joining of Magnesium Alloys: Principles and Application
DOI: http://dx.doi.org/10.5772/intechopen.85111

magnesium alloys. Unfortunately, the dissimilar joining of magnesium alloys to 
other metals is significantly inhibited by the differences in the properties of the 
materials such as melting temperature, the coefficient of thermal expansion and 
thermal conductivity. Solid-state diffusion bonding limits intermetallic formations 
during dissimilar bonding and maximizes joint strength.

Figure 9 shows the SEM micrograph of a solid-state diffusion bond formed 
between titanium (Ti-6Al-4V) and magnesium (AZ31) for 60 minutes. The width 
of the reaction layer at the interface appears to be in the form of dispersed particles 
approximately 20 μm in length. EDS point analysis of the samples revealed the 
formation of several compounds at the bond interface. The results show that hold-
ing the sample at the bonding temperature, Al reacts with Ti and Mg leading to the 
precipitation of the TiAl3 and Ti2Mg3Al18 intermetallic compounds at the Ti inter-
face. The Mg17Al12 intermetallic compounds appear to have formed at the Mg grain 
boundaries. The Mg17Al12 compound is believed to have been produced by a eutectic 
reaction between Al and Mg. The joint formation was attributed to metallurgical 
bonding driven leading to the formation of TiAl3 and Ti2Mg3Al18. It is expected that 
the differences in the melting temperature of the two alloys at the bonding tem-
perature of 500°C will cause the Mg sample to plastically deform ensuring complete 
contact with the Ti sample. Hidetoshi Somekawa [39] demonstrated that diffusion 
bonding of superplastic magnesium sheets is heavily dependent on the grain size 
of the material. For samples with grain size in the range of 11–15 μm bond strength 
of approximately 92% of the base metal strength is possible. According to the 
Ti-Mg-Al ternary phase diagram the following phases; Mg2Al3, Mg17Al12, TiAl3 and 
TiAl2 are likely to form at the bonding temperature and pressure used in this study 
[6]. The Gibbs energy for the formation of TiAl3 is approximately 234 kJ/mol, TiAl2 
is 237 kJ/mol [40]. The diffusion of Al to the bond interface from Ti-side to the 
Mg-side led to the formation of a compound having a stoichiometric composition of 
Mg17Al12 where 43.95 wt.% of the compound is Al [41].

The Mg17Al12 is an intermetallic compound with a Gibbs free energy of forma-
tion of −6 kJ/mol at a temperature range of 700–1000 K. The Gibbs energy of 
formation increased to −3.9 kJ/mol. From the Gibbs free energy data, the Mg17Al12 
intermetallic compound is most negative and therefore is expected to form first 
at the Mg-interface. The Gibbs energy for the formation of the ternary compound 
Ti2Mg3Al18 was found to be approximately −15 kJ/mol [42]. The width of the 
reaction layer that forms at the interface is believed to be time dependent. As such, 
the layer thickness bears a direct relation with growth kinetics. The average thick-
nesses of the TiAl3 and Ti2Mg3Al18 layers and the total intermetallic layer was used to 
determine the kinetic parameters involved in the diffusion process.

Figure 9. 
(A) Solid-state diffusion bonding of Ti and Mg for 60 minutes; (B) magnified region of the bond-line showing 
the reaction layer at the bond interface;
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The data collected shows that as the bonding time increases the width of the 
reaction layer. The width also increased as predicted by the parabolic law shown in 
Eq. (2).

  x = k  t   n    (2)

Where k is the rate factor, t the diffusion time, and n the time exponent. 
Figure 10 shows the relationship between the bonding time and the thickness 
of the reaction layer formed at the interface and shows that as the bonding time 
increased the thickness of the reaction layer also increased. When the parabolic 
rate law is applied to the results, the rate coefficient k was calculated to be 
15.7 × 10−7 m/s. The value for n was assumed to be 0.5 since the growth of the 
reaction layer was assumed to be controlled by inter-diffusion. When the calcu-
lated rate coefficient is substituted into the parabolic rate law shown in Eq. (1) the 
results show that the predicted thickness of the intermetallic layer was overesti-
mated by the model.

The difference between the properties of the base metal and the bonded zone 
was highlighted by the micro-hardness measurements plotted in Figure 11 as a 
function of bonding time. The micro-hardness values were measured across the 
joint starting at 500 μm from the joint center. The figure shows that the hardness of 
the Ti sample fluctuated between 390 VHN and 420 VHN up to 100 μm from the 
joint center as the bonding time was increased from 10 to 60 minutes. The hardness 
within the joint center was observed to decrease to between 190VHN at 10 minutes 
bonding time and 250 VHN at 60 minutes bonding time. The hardness of the Mg 
sample was found to be significantly lower than that of the Ti sample with a hard-
ness ranging from 60 VHN at 10 minutes bonding time to 65 VHN. The variation of 
the hardness number across the interface was attributed to the differences between 
the properties of Ti and Mg. The hardness at the center of the bond is believed to 
have been caused by the formation of the reaction layer at the joint interface [43]. 
The reaction layer was shown to be made-up of TiAl3 and Ti2Mg3Al18 intermetallic 
compounds dispersed within the joint region.

4.2 Transient liquid phase diffusion bonding

The transient liquid phase diffusion bonding process occurs due to the formation 
of a eutectic liquid at the interface between the faying surfaces. The eutectic reac-
tion may form due to interdiffusion between the base metals or an interlayer and 
base metals which leads to the formation of a eutectic composition. Alternatively, a 

Figure 10. 
(A) Shows the relationship between the thickness of the reaction layer and the bonding time; (B) shows 
the predicted relationship between the thickness of the reaction layer and the bonding time according to the 
parabolic rate law.

93

Dissimilar Welding and Joining of Magnesium Alloys: Principles and Application
DOI: http://dx.doi.org/10.5772/intechopen.85111

thin interlayer having a eutectic composition and melts at the bonding temperature. 
The formation of the liquid displaces the surface oxides at the bond interface and 
reduces the bonding pressure requirement normally used to achieve surface contact 
during solid-state diffusion bonding. The advantage of the process is the potential 
for minimizing microstructural changes and intermetallic formations within the 
bond region and achieving joints with higher strength. However, TLP bonding 
can be a lengthy process that required four distinct stages (heating, dissolution 
and widen, isothermal solidification and homogenization) for completion [44]. 
Important parameters studied in TLP bonding include; interlayer composition and 
thickness, bonding temperature and bonding time [45].

4.2.1 Interlayer thickness and composition

During TLP bonding the thickness and composition of the interlayer used are 
critical to the volume of liquid formed during bonding and invariably affects the qual-
ity of the bonds produced [46]. The scientific literature shows that suitable interlayers 
must allow eutectic melting while limiting the volume of the liquid that forms in order 
to control the width of the interface and shorten the homogenization stage of bonding 
[3]. Additionally, the wettability of the base metals by the molten interlayer is critical 
to displacing surface oxides in order to form a joint [2]. When suitable interlayers are 
used, the formation of intermetallic compounds (IMC) can be prevented or signifi-
cantly reduced. The interlayers can be used in the form of; thin foils, fine powder, 
compact powder or paste, electroplated and vapor deposited coatings [47].

Selection of the interlayer composition depends on the base materials being 
joined. The literature shows that materials such as Sn, Ag, Al, Cu, Ni, Cr, V, and 
Zn are frequently used as interlayers during diffusion bonding. Most commonly 
used interlayers when joining magnesium alloys include Al, Cu, and Ni since these 
materials’ leads to a eutectic reaction with magnesium which lowers the bonding 
temperature and catalyzes diffusion. When Al interlayer was used by Sun et al. [3] 
to bond Mg alloy MgAZ31, brittle IMC,   CuMg  2    was formed at the joint interface. 
However, increasing bonding temperature slightly increased the strength of the 
bond, as a result of microstructure homogenization for short bonding time. When 
the bonding time was increased beyond 60 minutes grain coarsening occurred 
which resulted in a reduction in joint strength.

Figure 11. 
Micro-hardness measurements across the joint region as a function of bonding time.
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The data collected shows that as the bonding time increases the width of the 
reaction layer. The width also increased as predicted by the parabolic law shown in 
Eq. (2).

  x = k  t   n    (2)

Where k is the rate factor, t the diffusion time, and n the time exponent. 
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compounds dispersed within the joint region.

4.2 Transient liquid phase diffusion bonding

The transient liquid phase diffusion bonding process occurs due to the formation 
of a eutectic liquid at the interface between the faying surfaces. The eutectic reac-
tion may form due to interdiffusion between the base metals or an interlayer and 
base metals which leads to the formation of a eutectic composition. Alternatively, a 
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thin interlayer having a eutectic composition and melts at the bonding temperature. 
The formation of the liquid displaces the surface oxides at the bond interface and 
reduces the bonding pressure requirement normally used to achieve surface contact 
during solid-state diffusion bonding. The advantage of the process is the potential 
for minimizing microstructural changes and intermetallic formations within the 
bond region and achieving joints with higher strength. However, TLP bonding 
can be a lengthy process that required four distinct stages (heating, dissolution 
and widen, isothermal solidification and homogenization) for completion [44]. 
Important parameters studied in TLP bonding include; interlayer composition and 
thickness, bonding temperature and bonding time [45].

4.2.1 Interlayer thickness and composition

During TLP bonding the thickness and composition of the interlayer used are 
critical to the volume of liquid formed during bonding and invariably affects the qual-
ity of the bonds produced [46]. The scientific literature shows that suitable interlayers 
must allow eutectic melting while limiting the volume of the liquid that forms in order 
to control the width of the interface and shorten the homogenization stage of bonding 
[3]. Additionally, the wettability of the base metals by the molten interlayer is critical 
to displacing surface oxides in order to form a joint [2]. When suitable interlayers are 
used, the formation of intermetallic compounds (IMC) can be prevented or signifi-
cantly reduced. The interlayers can be used in the form of; thin foils, fine powder, 
compact powder or paste, electroplated and vapor deposited coatings [47].

Selection of the interlayer composition depends on the base materials being 
joined. The literature shows that materials such as Sn, Ag, Al, Cu, Ni, Cr, V, and 
Zn are frequently used as interlayers during diffusion bonding. Most commonly 
used interlayers when joining magnesium alloys include Al, Cu, and Ni since these 
materials’ leads to a eutectic reaction with magnesium which lowers the bonding 
temperature and catalyzes diffusion. When Al interlayer was used by Sun et al. [3] 
to bond Mg alloy MgAZ31, brittle IMC,   CuMg  2    was formed at the joint interface. 
However, increasing bonding temperature slightly increased the strength of the 
bond, as a result of microstructure homogenization for short bonding time. When 
the bonding time was increased beyond 60 minutes grain coarsening occurred 
which resulted in a reduction in joint strength.
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Micro-hardness measurements across the joint region as a function of bonding time.
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In another study, Jin and Khan [48] studied the use of Ni, as an interlayer 
while joining the same Mg alloy, and found that the hardness of the joint 
increased as the bonding time increased as a result of the formation of Mg-Ni 
IMCs. Research results presented by Alhazaa et al. [49] showed that an optimum 
bonding time of 20 minutes was attained when bonding Mg AZ31 using Sn 
coatings. As shown in Figure 12, as the bonding time increased the bond line 
completely disappears, which is an indication of the homogenization of the bond 
region. The EPMA map shown in Figure 13, confirms the diffusion of Sn away 
from the interface and the homogenization of the composition within the joint 
region. Nevertheless, the formation of IMC at the joint consequently reduced the 
bond strength (see Figure 15). In contrast, Sun et al. [3] used Cu interlayer and 
suggested a bonding time of 30 minutes was optimal. The study also showed that 
the volume of intermetallic compounds formed was inversely proportional to 
hold time.

The potential for the dissimilar joining of Mg alloys to other metals is significantly 
greater with TLP bonding. Zhang et al. [50] demonstrated that Ni-coating can be 
used as an interlayer to join Mg to Al however suitable optimization of the bonding 
parameters are required to prevent the formation of a   Mg  2    Ni IMCs reaction layer 
between the metals. Alhazaa et al. [51] observed that the application of Cu coatings 
and Sn interlayers while bonding Mg AZ31 to the Ti-6Al-4V alloy. Increasing the 
bonding time also decreased the thickness of the IMC   Mg  2   Cu  compounds and better 
bonds were formed between these dissimilar metal alloys  
(see Figure 14). The use of nanoparticle-reinforced composite interlayer during TLP 
process has also gained interest recently as they reduce grain size within the bond 
region and increase joint strength [52]. Similarly, Atieh and Khan [53], showed that 
when Ti-6Al-4V and Mg-AZ31 alloys were bonded using Ni and Cu nanoparticles, 
the joint formation was enhanced by increasing the rate of isothermal solidification 
during the TLP bonding process. Figure 15 shows a TLP bond that was made between 

Figure 12. 
SEM micrograph of region bonded using Cu-coating and Sn-foil combination as interlayers for (A) 10 minutes; 
(B) 20 minutes; (C) 30 minutes; and (D) 50 minutes [2].
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Mg and Al using Cu/Al2O3 interlayer and confirms that the addition of nanoparticles 
can prevent the formation of a continuous IMC layer at the joint interface which leads 
to an increase in strength. The composition of the joint region was evaluated using 
EDS and is shown in Figure 15(B). A summary of recent interlayers studied and the 
impact of composition on the mechanical performance of the bonds is presented in 
Table 1. The strength coefficient for each bond was estimated using Eq. (3).

Figure 13. 
Electron probe micro-analysis (EPMA) micrographs of Mg, Cu, and Sn for bonds made using Cu coating and 
Sn-foil interlayer at 20 minutes [2].

Figure 14. 
XRD spectrum of the compounds formed at the interface for joint made during similar TLP bonding of Mg 
(AZ31) with Sn interlayer and bonded for 30 minutes.
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  m =    τ  bond   ____  τ  b       (3)

Where m represents the strength coefficient of the bond,   τ  bond    is the strength of 
the bond and   τ  b    is the strength of the base metal.

4.2.2 Bonding time and temperature

TLP diffusion bonding is a heavily time-dependent process with the duration 
of each stage contributing to the length of time required to achieve bond strength. 
Several models have been developed based on Fick’s second law that seeks to predict 
the duration of each stage of the TLP bonding process. The most notable of these 
models was proposed by Zhou et al. [54]. Experimental research on TLP bonding of 

Bonding 
system

Interlayer Temperature 
(C)

Pressure 
(MPa)

Time 
(minutes)

Shear 
strength 

(MPa)

m Reference

Mg-AZ31 
similar 
bonding

Ni coatings 520 8.0 20 46.2 0.557 [49]

Mg-AZ31 
similar 
bonding

Cu coatings 520 0.5 30 41.0 0.482 [2]

Mg-AZ31 
similar 
bonding

Cu coatings 
with Sn foil

520 0.5 30 64.0 0.771 [51]

Mg AZ31 Cu foil 530 2.0 30 70.2 0.852 [3]

Mg-AZ31 
and 
Ti-6Al-4V

Cu coatings 
with Sn foil

580 1.0 15 78.0 0.934 [51]

Mg-AZ31 
and 
Ti-6Al-4V

Ni coating 540 0.2 20 50 0.602 [46]

Mg-AZ31 
and Al100

Cu/Al2O3 500 0.2 10 20.4 0.36 Current 
work

Table 1. 
Shear strength of diffusion bonded joints.

Figure 15. 
(A) TLP bonding of Mg-AZ31) and Al-1100 using a Cu coating containing nano-Al2O3 particles and bonding 
condition 10 minutes at 500°C and 0.2 MPa (B) EDS analysis of the highlighted region.

97

Dissimilar Welding and Joining of Magnesium Alloys: Principles and Application
DOI: http://dx.doi.org/10.5772/intechopen.85111

magnesium alloys suggests that this model is still an important tool for predicting 
the duration of each stage of the bonding process.

Similarly, temperature serves as an important parameter in order to produce 
a successful joint in the diffusion bonding as it significantly changes the kinetics 
of the atomic movement at the interface. Given that the interlayer melts and then 
solidifies at the bonding temperature and therefore, the bonding temperature 
should reach the melting temperature of the interlayer. The temperature used 
should be controlled and remain constant throughout the bonding process in order 
to enhance diffusion, but not cause metallurgical changes or cause excess melting of 
the joint region. Light metals, such as magnesium, need to be bonded at an optimal 
temperature so that micro-deformation is avoided.

Bonding time is a variable closely related to temperature. Increasing the bonding 
temperature require a shorter hold time. It is seen that increasing pressure, time and 
temperature produces strong joint up to a point after which the parameters become 
redundant. The process of diffusion bonding uses a wide range of bonding time, 
from seconds to hours, for different joining surfaces.

Long bonding times enhances atomic diffusion along the bond line but may 
increase the likelihood of IMCs forming at the interface, which are detrimental to 
mechanical properties. Research by Sun et al. [3] proved the influence of bond-
ing temperature on shear and bonding strengths of the bonded joints followed by 
the pressure applied, holding time and surface roughness. Azizi and Alimardan 
[55] confirmed a direct proportion relationship existed between the increase in 
the width of the interface as the bonding temperature and hold time increases.

5. General remarks

The properties of magnesium alloys allow them to be used in the various struc-
tural applications including biomedical applications such as implants. Given that 
that magnesium is non-toxic, biocompatible and biodegradable, these materials 
can be used to serve as implants or replacements of body tissues. The current use of 
titanium implants for bone treatment and implants in the tissues may be replaced 
by Mg alloys since titanium alloys are not biodegradable therefore another opera-
tion/surgery is needed in most cases after the healing of the affected tissues. One 
direction is to develop new Mg alloys with various alloying elements such as Zn, Al, 
Zr, and others, in order to reach the desired degradation rate suitable for the human 
body. Another challenge in using Mg alloy for bone fixation is the low mechanical 
strength of Mg when compared to Ti.

A significant challenge, however, is identifying suitable joining technologies 
capable of welding/joining magnesium to other metals such as Ti and prevents IMC 
formations. While conventional fusion welding is also capable of a selective dissimi-
lar joining of Mg alloys the product of these processes is not suitable for biomedical 
applications. On the other hand, soli-state diffusion bonding, TLP diffusion bond-
ing process and friction stir welding have demonstrated greatest potential for the 
dissimilar joining of Mg alloys.
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magnesium alloys suggests that this model is still an important tool for predicting 
the duration of each stage of the bonding process.

Similarly, temperature serves as an important parameter in order to produce 
a successful joint in the diffusion bonding as it significantly changes the kinetics 
of the atomic movement at the interface. Given that the interlayer melts and then 
solidifies at the bonding temperature and therefore, the bonding temperature 
should reach the melting temperature of the interlayer. The temperature used 
should be controlled and remain constant throughout the bonding process in order 
to enhance diffusion, but not cause metallurgical changes or cause excess melting of 
the joint region. Light metals, such as magnesium, need to be bonded at an optimal 
temperature so that micro-deformation is avoided.

Bonding time is a variable closely related to temperature. Increasing the bonding 
temperature require a shorter hold time. It is seen that increasing pressure, time and 
temperature produces strong joint up to a point after which the parameters become 
redundant. The process of diffusion bonding uses a wide range of bonding time, 
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Long bonding times enhances atomic diffusion along the bond line but may 
increase the likelihood of IMCs forming at the interface, which are detrimental to 
mechanical properties. Research by Sun et al. [3] proved the influence of bond-
ing temperature on shear and bonding strengths of the bonded joints followed by 
the pressure applied, holding time and surface roughness. Azizi and Alimardan 
[55] confirmed a direct proportion relationship existed between the increase in 
the width of the interface as the bonding temperature and hold time increases.

5. General remarks

The properties of magnesium alloys allow them to be used in the various struc-
tural applications including biomedical applications such as implants. Given that 
that magnesium is non-toxic, biocompatible and biodegradable, these materials 
can be used to serve as implants or replacements of body tissues. The current use of 
titanium implants for bone treatment and implants in the tissues may be replaced 
by Mg alloys since titanium alloys are not biodegradable therefore another opera-
tion/surgery is needed in most cases after the healing of the affected tissues. One 
direction is to develop new Mg alloys with various alloying elements such as Zn, Al, 
Zr, and others, in order to reach the desired degradation rate suitable for the human 
body. Another challenge in using Mg alloy for bone fixation is the low mechanical 
strength of Mg when compared to Ti.

A significant challenge, however, is identifying suitable joining technologies 
capable of welding/joining magnesium to other metals such as Ti and prevents IMC 
formations. While conventional fusion welding is also capable of a selective dissimi-
lar joining of Mg alloys the product of these processes is not suitable for biomedical 
applications. On the other hand, soli-state diffusion bonding, TLP diffusion bond-
ing process and friction stir welding have demonstrated greatest potential for the 
dissimilar joining of Mg alloys.
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Chapter 7

Magnesium-Based Materials for 
Hydrogen Storage: Microstructural 
Properties
Ryota Kondo and Takeshita T. Hiroyuki

Abstract

Magnesium (Mg) is hydrogenated as core-shell-type hydride. Therefore, increase 
of absorption capacity to the theoretical hydrogen capacity is still one of the most 
important issues for the hydrogen storage materials. In this study, the procedure of the 
core-shell structure as well as effect of Al concentration in Mg on the growth MgH2 in 
Mg were investigated. MgH2 was formed on the surface as well as inside of unreacted 
Mg core. The inside MgH2 was formed in a granular form on Mg grain boundary and 
its size increased by applying plastic deformation. Thickness of the surface MgH2 and 
size of the internal MgH2 increased with an increase in hydrogenation time until the 
hydride surface was completely covered with MgH2. However, the growth of the sur-
face and internal MgH2 came to a halt after the surface was covered with MgH2. From 
these results, supplying H from metal side was dominantly contributed for growth of 
the surface and internal MgH2 because diffusion rate of H in Mg was much higher than 
that in MgH2. In addi tion, the growth of internal MgH2 as well as control of surface 
MgH2 can contribute to the promotion of the complete hydrogenation of Mg-based 
hydrogen storage materials.

Keywords: magnesium, hydride, internal, three-dimension, surface, microstructure, 
distribution, grain boundary

1. Introduction

Magnesium (Mg) can store 7.6 mass% of hydrogen after formation of magne-
sium hydride (MgH2), which has attractive features for hydrogen storage material 
such as low cost, abundant resource and light weight [1]. However, dehydrogena-
tion temperature is very high (560 K at 0.1 MPaH2) because MgH2 is thermody-
namically stable (ΔrH = −72.8 ± 4.2 kJ mol−1, ΔrS = −142 ± 3 J K−1 mol−1) [2]. In 
addition, their hydrogenation/dehydrogenation kinetics is also lower, then the 
conditions of hydrogenation and dehydrogenation are severe and core-shell-type 
hydride is formed. In order to obtain MgH2 completely from Mg and effective-
ness of hydrogenation/dehydrogenation process, it is necessary to finely pulver-
ize, severe plastic deformation, heat treatment for a long time, and addition of 
catalyst [3–10].

Mg is a metal and when it reacts with H2, MgH2 forms an ionic bond and a 
weak covalent bond between Mg-H and the valence number of the ion is indi-
cated as Mg1.91+ and H0.26− [11]. The diffusion coefficient of H in MgH2 is several 
order of magnitude lower when compared to that in Mg: DH

Mg = 7 × 10−11 m2 s−1 
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ize, severe plastic deformation, heat treatment for a long time, and addition of 
catalyst [3–10].

Mg is a metal and when it reacts with H2, MgH2 forms an ionic bond and a 
weak covalent bond between Mg-H and the valence number of the ion is indi-
cated as Mg1.91+ and H0.26− [11]. The diffusion coefficient of H in MgH2 is several 
order of magnitude lower when compared to that in Mg: DH

Mg = 7 × 10−11 m2 s−1 
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(300 K) in Mg and DH
MgH2 = 1.1 × 10−20 m2 s−1 (305 K) in MgH2 [12, 13]. Based 

on these characteristics, powder Mg forms core-shell-type structure hydride, 
MgH2 as a shell and unreacted Mg remains in the core [14, 15] making progress 
of completely hydrogenation difficult. On the other hand, the hydrogen partial 
pressure has a great influence on the progress of the hydrogenation. When the 
hydrogen partial pressure is high, since MgH2 quickly covers the Mg powder 
surface, hydrogenation halts and the amount of hydride concentration decreases 
markedly, whereas when the hydrogen partial pressure is low, the time until 
MgH2 covers the Mg surface extends, then the hydride concentration increases 
[16]. Therefore, to accomplish the efficient hydrogenation, the process of hydro-
genation should be revealed.

As a result of investigation aiming at efficient hydrogenation, some curious 
microstructural characteristics were obtained, that is shell of MgH2 and core Mg in 
addition to MgH2 in the core Mg. In the following, MgH2 on the surface layer named 
as MgH2(sur) and that in Mg core named as MgH2(int). MgH2(int) formed in the 
Mg core is distinguished from MgH2(sur). The particle size of MgH2(int) in Mg−6 
mass%, Al-1 mass%, Zn alloy was larger than that in pure Mg. This result shows the 
grain size of MgH2(int) would be in correlation with Al concentration. Therefore, 
in this study, the influence of Al concentration in Mg on formation of MgH2(int) is 
clarified. To reveal the mechanism of MgH2(int) formation, coarse-type Mg-based 
hydrogen storage materials will be developed. Bulky hydrogen storage materials are 
attractive for handling, safety, and applying large module.

2. Materials and methods

Pure Mg manufactured by Rare Metallic Co., Ltd. and Mg- (3, 6, 9) mass%, Al-1 
mass%, Zn alloy (hereinafter referred to as AZ31, AZ61, AZ91) manufactured by 
Sankyo Aluminum Co., Ltd. were used as samples. Table 1 shows the composition 
of the samples.

As pretreatment, these samples were cut into prismatic shapes (8 mm in width, 
5 mm in length, 3 mm in thickness) and then annealed, evacuated to 2 × 10−4 Pa in a 
stainless steel container, and replacing it with Ar gas (nominal purity 99.9999 vol%) 
was repeated several times and then heated under an Ar atmosphere of 3 kPa at a 
temperature of 723 K and a treatment time for 32.4 ks. For AZ61, annealed material 
(annealed) and 10% cold-rolled sample (cold-rolled) were subjected to hydrogena-
tion (129.6 ks), respectively. An observation of the cross-sectional structure was 
carried out using an optical microscope (OM). Mg alloys are known to produce 
MgH2 at low temperature by applying severe plastic deformation [17]. Table 2 
shows the crystal grain sizes of annealed Mg and AZ31, AZ61, and AZ91 alloys.

Material Composition (mass%)

Al Zn Mn Si Fe Cu Ni Ca

Mg 0.0013 0.0024 0.012 0.022 0.0016 0.0031 0.0003 0.01

AZ31 2.80 0.80 0.32 0.022 0.003 0.003 <0.002

AZ61 6.26 0.63 0.26 0.015 0.005 0.001 0.0007

AZ91 8.70 0.82 0.22 0.007 0.005 <0.002 0.002

Table 1. 
Composition of Mg and AZ31, AZ61, AZ91 alloys.
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For hydrogenation of Mg alloys, these samples after annealing was dry-
polished with SiC abrasive paper (# 320) in Ar gas circulation-type glove box 
(dew point −55 to −70°C, oxygen concentration 1 ppm or less), dry polished 
and immediately sealed in a stainless steel reaction vessel with a gasket made of 
stainless steel with Ag plating. In this reaction vessel, a sheath-type thermocou-
ple was installed inside the container and the temperature in the vicinity of the 
samples was set. In order to generate MgH2, hydrogenation was carried out at a 
hydrogen pressure of 3.61 MPa and a temperature of 673 K using a Siebert’s type 
apparatus, and the nominal purity of the hydrogen gas used was 99.99999 vol%. 
The time was maintained in the range of 0–259.2 ks, and it is shown in parenthe-
ses here after.

The X-ray diffraction (XRD) instrument was used for the identification of 
MgH2(sur). X-ray source of CuKα with the tube voltage of 40 kV and the tube 
current of 15 mA was used. Microstructure of MgH2 was judged with presence or 
absence of charge up by using of scanning electron microscope (SEM). Crystal 
structure of MgH2(int) was investigated using an electron beam backscatter dif-
fraction (EBSD) analyzer.

Samples for microstructural observation and analysis were cut at a position of 
4 mm which is half in the width direction and roughly polished using SiC polish-
ing paper (# 320 → # 800 → # 1000) followed by an Al2O3 suspension (0.05 μm) 
or SiO2 suspension (0.04 μm). Dehydrated methanol was used as the extension 
liquid. The sample after polishing was promptly washed with an ultrasonic washing 
machine in dehydrated methanol. After washing, the sample was dried using pure 
nitrogen gas (99.99%).

Three-dimensional analysis of MgH2(sur) and MgH2(int) was carried out based 
on data constructed by a continuous serial sectional method, and an optical micro-
scope (OM) was used for microstructural observation. Information at the position 
and observation depth was obtained by driving a pyramidal indentation into the 
sample using a Vickers hardness instrument. ImageJ was used for geometrical 
analysis and the construction of the three-dimension image [18, 19].

Figure 1 described quantitative analysis method for obtaining information 
on the thickness of the MgH2(sur) layer. In the analysis, five or more images are 
selected and the MgH2 was observed as a dark area. The mean thickness (dav) of 
MgH2(sur) was calculated by dividing the area of each observed MgH2(sur) by the 
length of MgH2(sur) on the surface. Next, the shape of the surface is extracted. 
The surface line was translated in the direction of the inside. The maximum thick-
ness of MgH2(sur) was evaluated as the translated length at point of the surface 
line parted from MgH2(sur) particle. The minimum thickness (dmin) was evalu-
ated at the first point of intersection between the shape line and Mg. The average 
particle size of MgH2(int) is calculated by calculating the area of MgH2(int), and 
the value of the diameter calculated when assuming MgH2(int) as a spherical 
calculation on average.

Material Grain size, d/μm (standard deviation)

Mg 250 (70)

AZ31 34 (3.4)

AZ61 36 (4.8)

AZ91 40 (3.5)

Table 2. 
Grain size of annealed Mg and AZ31, AZ61, and AZ91 alloys.
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Material Grain size, d/μm (standard deviation)

Mg 250 (70)

AZ31 34 (3.4)

AZ61 36 (4.8)

AZ91 40 (3.5)

Table 2. 
Grain size of annealed Mg and AZ31, AZ61, and AZ91 alloys.
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3. Results

Figure 2 shows the XRD pattern of hydrogenated Mg, AZ31, AZ61, AZ91 alloys 
for 1.8 ks. In all the samples, formation of MgH2 was observed. These samples were 
not polished, therefore the information from XRD was mainly from MgH2(sur). 
The peaks from Mg were shifted to higher angle side with Al concentration due to 
substitutional solid solution formation. On the other hand, in the peak pattern of 
MgH2, obvious peak shifts were not observed with increase of Al concentration.

Figure 3 shows cross-sectional OM images of annealed and cold rolled AZ61 
alloy. The annealed and cold rolled AZ61 exhibited both MgH2(sur) (white arrow) 
and MgH2(int) (black arrow). There were no difference on MgH2(sur) between 
annealed and cold rolled AZ61 alloy as dav was 9 μm (dmax: 22 μm, dmin: 2 μm) 
in annealed and dav was 8 μm (dmax: 22 μm, dmin: 2 μm) in cold rolled condition. 
However, particle size of MgH2(int) was lager in cold rolled condition than in 

Figure 1. 
Method of quantitative analysis for average (dav), maximum (dmax) and minimum (dmin) thickness values of 
MgH2(sur) from SEM-BSE images.

Figure 2. 
XRD profiles of hydrogenated Mg, AZ31, AZ61 and AZ91 alloys at 673 K in 3.61 MPa H2 for 1.8 ks.

107

Magnesium-Based Materials for Hydrogen Storage: Microstructural Properties
DOI: http://dx.doi.org/10.5772/intechopen.88679

annealed condition as mean diameter was 15 μm (maximum: 38 μm, minimum: 
3 μm) in annealed condition and mean diameter was 53 μm (maximum: 125 μm, 
minimum: 14 μm) in cold rolled condition.

Figure 4 shows the SEM image and results of EBSD analysis of hydrogenated 
AZ31. Figure 4 (a) shows the backscattered electron image (BSE), (b) shows the 
phase map in the same area with (a), (c) is image quality (IQ ) map, and (d) is an 
inverse pole figure (IPF). In phase map (b), Mg was shown in red and MgH2 was 
shown in green color. Comparing (a) and (b), dark area in BSE (a) corresponds to 
MgH2 area in phase map (b). As focused on IQ map (c), image quality of MgH2 area 
was lower than that of Mg area. The decrease of quality at MgH2 was due to high 
volume change between Mg to MgH2 about 32% as the result of residual strain and/
or nonconducting material; MgH2 tends to charge up.

The MgH2(int) observed in Figures 3 and 4 was surrounded with metallic 
Mg, and the MgH2(int) has not interface with hydrogen gas at glance. Therefore, 

Figure 3. 
Cross-sectional optical micrographs of hydrogenated AZ61 in 3.61 MPa H2 at 673 K for 129.6 ks (a) annealed 
and (b) cold-rolled samples. Open and solid arrows point out MgH2(sur) and MgH2(int), respectively.

Figure 4. 
SEM-EBSD analyzed images of AZ31 hydrogenated at 673 K in 3.61 MPa H2 for 64.8 ks. (a) SEM-BSE image, 
(b) phase map, (c) IQ map, and (d) IPF.
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Figure 5. 
Three-dimensional microscopic images obtained from optical micrographs of cold rolled and hydrogenated 
AZ61 for 129.6 ks (a) a sample of optical micrograph, (b) samples of inverted black and white micrographs, 
and three-dimensional images (c) 0°, (d) 20°, (e) 40°, and (f) 60°.

three-dimensional analysis was conducted at the area shown in Figure 5. Figure 5 
taken from cold rolled and hydrogenated AZ61 sample show (a) part of OM 
micrograph, (b) MgH2(sur) and MgH2(int) extracted as ROI area contrast inverted, 
and construction of three-dimensional image rotated from 0 to 60° ((c) 0°, (d) 
20°, (e) 40°, and (f) 60°). From Figure 5c–f, the MgH2(int) was not in contact with 
hydrogen gas and MgH2(sur).

Focusing on MgH2(sur), homogeneous hydride layer does not growth from sur-
face and structure with variations in thickness was spread out in a planar manner 
with respect to the surface. The white arrow point of MgH2(sur) was grown abnor-
mally like as heteroepitaxially, however size of the part of MgH2(sur) was same 
size with surrounding MgH2(int), since the part of MgH2(sur) would be formed by 
collision between MgH2(sur) and MgH2(int) at near surface.
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Figure 6 shows an OM micrograph of hydrogenated Mg and a schematic image. 
Focusing on MgH2(int), the shape of MgH2(int) was granular and precipitated 
on the Mg grain boundary. In addition, two types of MgH2(int) were observed as 
growth to two adjacent Mg grains (at pointed two grains) and on only one side of 
Mg grain. They were indicated in the inset image.

Figure 7 shows the SEM-BSE images of the MgH2(sur) of hydrogenated Mg, 
AZ31, AZ61, and AZ91 alloys for 1.8–259.2 ks. Focusing on images of hydrogenated 
in relatively short time, for example at 1.8 ks, MgH2(sur) formed with granular 
and dotted and that was not formed uniformly like a layer at the time when the 
entire surface was not covered with hydride. With increase of hydrogenation time, 
the granular hydride, MgH2(sur), grew in the direction parallel to the surface and 
formed a rough layer. For images of samples exposed to relatively long hydrogena-
tion time, the thickness of MgH2(sur) decreased with an increase in Al concentra-
tion. Figure 8 shows the thickness of MgH2(sur) of Mg, AZ31, AZ61, and AZ91 

Figure 6. 
SEM-BSE image of Mg hydrogenated at 673 K in 3.61 MPa H2 for 129.6 ks.

Figure 7. 
SEM-BSE images at MgH2(sur) of Mg, AZ31, AZ61 and AZ91 after hydrogenation at 673 K in 3.61 MPa H2 for 
0–259.2 ks.
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alloys with hydrogenation time. The white rhombi and the reverse triangles are 
shown as dmax and dmin, respectively. The black circles are shown as dav and the 
vertical lines are expressed as standard deviation. Focusing on dmin, dmin = 0 means 
that the surface was not completely covered with MgH2(sur). Therefore, paying 
attention to the value of dmin, it is possible to estimate the time when entire surface 
is covered with MgH2(sur), and the time describes as time of halt (τh). τh was 
32.4 ks for Mg and AZ31, 64.8 ks for AZ61, 129.6 ks for AZ91, and τh increased with 
increasing Al concentration. Next, looking at dav, it was found that dav grew greatly 

Figure 8. 
Relation between thickness of MgH2(sur) and hydrogenation time of (a) Mg, (b) AZ31, (c) AZ61, and (d) AZ91.

Figure 9. 
Relation between average value of dav and concentration of Al in Mg after τh.
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with increasing hydrogenation time before τh, whereas the growth rate drastically 
decreased after the time of τh. These results indicate that the growth of MgH2(sur) 
halted when sample surface was covered with MgH2(sur).

To reveal the influence of Al concentration on thickness of MgH2(sur), the rela-
tionship between average of dav after τh and Al concentration is shown in Figure 9. 
As shown in Figure 9, it was found that the thickness of MgH2(sur) decreased with 
the increase of Al concentration, and the decrease ratio is remarkable from 0 to 3 
mass% Al than from 6 to 9 mass% Al.

Changes in the growth rate of MgH2(int) are described as follows. Figure 10 
shows the average particle size of MgH2(int) of Mg, AZ31, AZ61, and AZ91 alloys 
with hydrogenation time. As with the changes of MgH2(sur), the growth rate of 
MgH2(int) was high over short time and low on longer hydrogenation time side. 
The time of infection point was almost correlated with τh as 3.6 ks for Mg and AZ31, 
64.8 ks for AZ61, 129.6 ks for AZ91. Figure 10 shows the relationship between 
the average particle size of MgH2(int) after τh and Al concentration. The average 
particle size of MgH2(int) increased with increase of Al concentration, contrary to 
the change of thickness of MgH2(sur).

4. Discussion

4.1 Formation of MgH2 in Mg core

After hydrogenating Mg and AZ alloys, two types of MgH2 were formed: on the 
surface, MgH2(sur) and in the unreacted Mg core, MgH2(int). MgH2(int) formed 
only along Mg grain boundary, and did not form in Mg crystal grain. It is known 
that the diffusion of H atoms in Mg made the grain boundary a preferential route 
[20]. Therefore, the reason why MgH2(int) preferentially formed on grain bound-
ary would be one factor of the fast diffusion of H atoms at Mg grain boundary. In 
addition, MgH2 preferentially formed with existence of defect as nanocrystallize 
Mg showed fast hydrogenation and dehydrogenation [3]. This observation also 
supports the reason why MgH2(int) formed on Mg grain boundary.

Figure 10. 
Relation between average diameter of MgH2(int) and hydrogenation time of Mg, AZ31, AZ61 and AZ91.
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alloys with hydrogenation time. The white rhombi and the reverse triangles are 
shown as dmax and dmin, respectively. The black circles are shown as dav and the 
vertical lines are expressed as standard deviation. Focusing on dmin, dmin = 0 means 
that the surface was not completely covered with MgH2(sur). Therefore, paying 
attention to the value of dmin, it is possible to estimate the time when entire surface 
is covered with MgH2(sur), and the time describes as time of halt (τh). τh was 
32.4 ks for Mg and AZ31, 64.8 ks for AZ61, 129.6 ks for AZ91, and τh increased with 
increasing Al concentration. Next, looking at dav, it was found that dav grew greatly 

Figure 8. 
Relation between thickness of MgH2(sur) and hydrogenation time of (a) Mg, (b) AZ31, (c) AZ61, and (d) AZ91.

Figure 9. 
Relation between average value of dav and concentration of Al in Mg after τh.

111

Magnesium-Based Materials for Hydrogen Storage: Microstructural Properties
DOI: http://dx.doi.org/10.5772/intechopen.88679

with increasing hydrogenation time before τh, whereas the growth rate drastically 
decreased after the time of τh. These results indicate that the growth of MgH2(sur) 
halted when sample surface was covered with MgH2(sur).

To reveal the influence of Al concentration on thickness of MgH2(sur), the rela-
tionship between average of dav after τh and Al concentration is shown in Figure 9. 
As shown in Figure 9, it was found that the thickness of MgH2(sur) decreased with 
the increase of Al concentration, and the decrease ratio is remarkable from 0 to 3 
mass% Al than from 6 to 9 mass% Al.

Changes in the growth rate of MgH2(int) are described as follows. Figure 10 
shows the average particle size of MgH2(int) of Mg, AZ31, AZ61, and AZ91 alloys 
with hydrogenation time. As with the changes of MgH2(sur), the growth rate of 
MgH2(int) was high over short time and low on longer hydrogenation time side. 
The time of infection point was almost correlated with τh as 3.6 ks for Mg and AZ31, 
64.8 ks for AZ61, 129.6 ks for AZ91. Figure 10 shows the relationship between 
the average particle size of MgH2(int) after τh and Al concentration. The average 
particle size of MgH2(int) increased with increase of Al concentration, contrary to 
the change of thickness of MgH2(sur).

4. Discussion

4.1 Formation of MgH2 in Mg core

After hydrogenating Mg and AZ alloys, two types of MgH2 were formed: on the 
surface, MgH2(sur) and in the unreacted Mg core, MgH2(int). MgH2(int) formed 
only along Mg grain boundary, and did not form in Mg crystal grain. It is known 
that the diffusion of H atoms in Mg made the grain boundary a preferential route 
[20]. Therefore, the reason why MgH2(int) preferentially formed on grain bound-
ary would be one factor of the fast diffusion of H atoms at Mg grain boundary. In 
addition, MgH2 preferentially formed with existence of defect as nanocrystallize 
Mg showed fast hydrogenation and dehydrogenation [3]. This observation also 
supports the reason why MgH2(int) formed on Mg grain boundary.

Figure 10. 
Relation between average diameter of MgH2(int) and hydrogenation time of Mg, AZ31, AZ61 and AZ91.



Magnesium - The Wonder Element for Engineering/Biomedical Applications

112

As shown in Figure 6, MgH2(int) grew for adjacent Mg crystal grain or only on 
one crystal grain. In addition, some Mg grain boundaries did not form MgH2(int). 
Some orientation relationship between Mg and MgH2 was reported as (0001)Mg//
(001)MgH2, [−1–120]Mg//[001]MgH2 [21] and (−2110)Mg//(12–1)MgH2, [0001]Mg//
[101]MgH2 [22]. Because interface energy between new phase and mother phase was 
low in orientation relationship, solid-solid transformation easily proceeded in orien-
tation relationship with a small lattice mismatch. On the other hand, hydrogenation 
rate of Mg increased with formation of (0002) crystal texture [23, 24]. Form above 
results, nucleation and growth of MgH2(int) would also depend on adjacent Mg 
crystal orientation. However, influence of Mg crystal texture for MgH2 formation 
had other formation of MgO factor [24], and particle shape of MgH2(int) was ellip-
soidal. Therefore, consideration with complex effects for formation of MgH2(int) 
should be needed such as orientation relationship, precipitates on Mg grain bound-
ary, interface energy with adjacent Mg grains, and flux of H atom and so on.

4.2 Relationships between particle size of MgH2(int) and Al concentration

Before τh, MgH2(sur) formed in granular form and spread and the growth rate 
of average thickness was larger than that after τh. After τh, the growth of MgH2(sur) 
apparently halted. These growth rate change was same in MgH2(int). These results 
be attributed to extremely low diffusion rate of H in MgH2 when compared to that 
in Mg [12, 13]. When the whole surface was covered with MgH2(sur), the supply 
rate of H to unreacted internal metallic Mg or AZ significantly decreased, halting 
the growth of MgH2(sur) and MgH2(int).

Some studies have reported that the amount of MgH2 formed depends on Gibbs 
free energy (ΔrG) of MgH2 from Mg and H2 gas [16, 25, 26]. The microstructure 
of MgH2(sur) at initial state was formed as granular and scattered. Concerning 
this result, the nucleation rate of MgH2(sur) was low and the nucleation rate 
would depend on absolute value of ΔrG. Applying low value of ΔrG, growth of 
MgH2(int) proceeded because nucleation rate of MgH2(sur) was low and τh is shift 
to longer time. However, when high value of ΔrG was applied, the nucleation rate 
of MgH2(sur) increased and immediately the surface covered with thin MgH2(sur) 
rapidly and the particle size of MgH2(int) was explained to be small size.

The average particle size of MgH2(int) increased with increasing Al concentra-
tion. As shown in Figure 10, the growth rate of MgH2(int) decreased when the 
surface was covered with MgH2(sur). The thickness of MgH2(sur) decreased with 
increasing Al concentration. From these results, the reasons why the particle size 
of MgH2(int) decreased with increasing Al concentration would be shifting of long 
time τh and small diffusion distance of H in MgH2 at high Al content. Therefore, the 
amount of supplying H increased and large size of MgH2(int) formed with increas-
ing Al concentration.

5. Conclusion

In this study, focusing on the formation of MgH2 in the Mg core, the effects 
of Al concentration in Mg for microstructure of hydrogenated Mg and Mg-Al-Zn 
alloys were investigated. MgH2(int) formed at Mg grain boundary and the growth 
rate of MgH2(int) was investigated including plastic deformed condition. From 
three-dimensional analysis, it was found that the MgH2(int) was surrounded by 
metallic Mg or Mg-Al-Zn alloys and they had not interfaced with H2 gas and MgH2 
on the surface area(sur). The time when the surface covered with MgH2(sur) was 
described as time of halt, τh. Comparing growth rate of MgH2(sur) and MgH2(int) 
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before and after τh, the growth rate of both MgH2 were higher before τh than after 
τh. The growth of MgH2(sur) and MgH2(int) were observed to stop after τh because 
H supply route change from in Mg to MgH2. After τh, the thickness of MgH2(sur) 
decreased and particle size of MgH2(int) increased with increasing Al concentra-
tion. This result could be explained by increase of supplied H amount to MgH2(int) 
due to the shifting τh to longer time and small diffusion distance of MgH2(sur) 
which had low value of diffusion coefficient.

Findings from this research point out in following:

• Hydrogenated Mg plate formed MgH2 on surface(sur) and in internal 
area(int).

• The thickness of MgH2(sur) decreased with increase of Al concentrations in Mg.

• The particle size of MgH2(int) increased with increase of Al concentrations in Mg.
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As shown in Figure 6, MgH2(int) grew for adjacent Mg crystal grain or only on 
one crystal grain. In addition, some Mg grain boundaries did not form MgH2(int). 
Some orientation relationship between Mg and MgH2 was reported as (0001)Mg//
(001)MgH2, [−1–120]Mg//[001]MgH2 [21] and (−2110)Mg//(12–1)MgH2, [0001]Mg//
[101]MgH2 [22]. Because interface energy between new phase and mother phase was 
low in orientation relationship, solid-solid transformation easily proceeded in orien-
tation relationship with a small lattice mismatch. On the other hand, hydrogenation 
rate of Mg increased with formation of (0002) crystal texture [23, 24]. Form above 
results, nucleation and growth of MgH2(int) would also depend on adjacent Mg 
crystal orientation. However, influence of Mg crystal texture for MgH2 formation 
had other formation of MgO factor [24], and particle shape of MgH2(int) was ellip-
soidal. Therefore, consideration with complex effects for formation of MgH2(int) 
should be needed such as orientation relationship, precipitates on Mg grain bound-
ary, interface energy with adjacent Mg grains, and flux of H atom and so on.

4.2 Relationships between particle size of MgH2(int) and Al concentration

Before τh, MgH2(sur) formed in granular form and spread and the growth rate 
of average thickness was larger than that after τh. After τh, the growth of MgH2(sur) 
apparently halted. These growth rate change was same in MgH2(int). These results 
be attributed to extremely low diffusion rate of H in MgH2 when compared to that 
in Mg [12, 13]. When the whole surface was covered with MgH2(sur), the supply 
rate of H to unreacted internal metallic Mg or AZ significantly decreased, halting 
the growth of MgH2(sur) and MgH2(int).

Some studies have reported that the amount of MgH2 formed depends on Gibbs 
free energy (ΔrG) of MgH2 from Mg and H2 gas [16, 25, 26]. The microstructure 
of MgH2(sur) at initial state was formed as granular and scattered. Concerning 
this result, the nucleation rate of MgH2(sur) was low and the nucleation rate 
would depend on absolute value of ΔrG. Applying low value of ΔrG, growth of 
MgH2(int) proceeded because nucleation rate of MgH2(sur) was low and τh is shift 
to longer time. However, when high value of ΔrG was applied, the nucleation rate 
of MgH2(sur) increased and immediately the surface covered with thin MgH2(sur) 
rapidly and the particle size of MgH2(int) was explained to be small size.

The average particle size of MgH2(int) increased with increasing Al concentra-
tion. As shown in Figure 10, the growth rate of MgH2(int) decreased when the 
surface was covered with MgH2(sur). The thickness of MgH2(sur) decreased with 
increasing Al concentration. From these results, the reasons why the particle size 
of MgH2(int) decreased with increasing Al concentration would be shifting of long 
time τh and small diffusion distance of H in MgH2 at high Al content. Therefore, the 
amount of supplying H increased and large size of MgH2(int) formed with increas-
ing Al concentration.

5. Conclusion

In this study, focusing on the formation of MgH2 in the Mg core, the effects 
of Al concentration in Mg for microstructure of hydrogenated Mg and Mg-Al-Zn 
alloys were investigated. MgH2(int) formed at Mg grain boundary and the growth 
rate of MgH2(int) was investigated including plastic deformed condition. From 
three-dimensional analysis, it was found that the MgH2(int) was surrounded by 
metallic Mg or Mg-Al-Zn alloys and they had not interfaced with H2 gas and MgH2 
on the surface area(sur). The time when the surface covered with MgH2(sur) was 
described as time of halt, τh. Comparing growth rate of MgH2(sur) and MgH2(int) 
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before and after τh, the growth rate of both MgH2 were higher before τh than after 
τh. The growth of MgH2(sur) and MgH2(int) were observed to stop after τh because 
H supply route change from in Mg to MgH2. After τh, the thickness of MgH2(sur) 
decreased and particle size of MgH2(int) increased with increasing Al concentra-
tion. This result could be explained by increase of supplied H amount to MgH2(int) 
due to the shifting τh to longer time and small diffusion distance of MgH2(sur) 
which had low value of diffusion coefficient.

Findings from this research point out in following:

• Hydrogenated Mg plate formed MgH2 on surface(sur) and in internal 
area(int).

• The thickness of MgH2(sur) decreased with increase of Al concentrations in Mg.

• The particle size of MgH2(int) increased with increase of Al concentrations in Mg.
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