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Preface

Magnesium alloys have excellent physical and mechanical properties such as high
strength-to-weight ratio, electromagnetic shielding, excellent vibration and shock
absorption, good machinability, high damping capacity, and good castability and
recyclability. Compared to other metals and polymers, magnesium has no toxic haz-
ards. Magnesium alloys have obvious advantages in thermal conductivity, vibration
damping performance, and damping capacity, and their application in the automotive
field is expanding further. This unique material property has led to increased use of
magnesium and its alloys in various industrial, automotive, aerospace, and biological
applications. However, significant problems in the production process of magnesium,
such as low ductility at room temperature and high oxidation and flammability at
high service temperatures, limit its application.

Magnesium Alloys — Processing, Potential and Applications discusses the latest develop-
ments in and applications of magnesium alloys. The book consists of several chapters
relating to the production, modification, and use of magnesium alloys in various
industries. The introductory chapter introduces readers to processing, potential and
applications of Magnesium alloys. Due to the growing importance of lightweight
construction materials, chapter “Applications of High-Pressure Die-Casting (HPDC)
Magnesium Alloys in Industry” examines methods of producing magnesium alloys to
achieve the best possible functional properties. Chapter “Effects of Dimensionality
Reduction for High-Efficiency Mg-Based Thermoelectrics” reports on the use of mag-
nesium alloys as thermoelectric elements. Chapter “Dissolvable Magnesium Alloys

in Oil and Gas Industry” describes the possibilities of using soluble magnesium
alloys. Chapter “Development of Mg-Based Bulk Metallic Glasses and Applications in
Biomedical Field” discusses the concepts and advances in defining key properties for
implant applications. Magnesium alloys with biocompatible chemical composition
are considered as potential resorbable biomaterials.

For more than a decade, scientists have been trying to develop a manufacturing
process and select the appropriate chemical composition that would meet the require-
ments of medical implantology. The book presents the latest literature reports in this
field, but also mentions the barriers that researchers encounter in this area. It also
examines the impact of the development of these alloys on improving patient quality
of life and reducing associated rehabilitation costs.

Tomasz Arkadiusz Tanski, Katarzyna Cesarz-Andraczke and Ewa Jonda
Department of Engineering Materials and Biomaterials,

Silesian University of Technology,

Gliwice, Poland
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Chapter1

Introductory Chapter: Magnesium
Alloys

Tomasz Arkadiusz Tanski, Katarzyna Cesarz-Andraczke
and Ewa Jonda

1. Introduction

Non-ferrous metal alloys, including magnesium alloys, are the subject of research
in numerous research and scientific centres and universities, both in Poland and
abroad, as well as at major manufacturers of the automotive, mechanical engineering,
shipbuilding, aviation, chemical, energy, electronics, textile and even nuclear indus-
tries. The combination of low density of magnesium alloys (1.5-1.8 g/cm®), the best
among all currently known construction materials and high strength in relation to low
weight, as well as the possibility of use on machine parts operating at temperatures up
to 300°C, make these alloys widely used in various industries.

Demand for magnesium and its alloys continues to grow, as they have the potential
to be used in many new areas of life, as well as in expanding use in existing applica-
tions. The growth of the electronic devices market related to the growing demand for
ever lighter vehicles and hand tools has repeatedly increased the trade demand for
castings from Mg alloys and the efforts of manufacturers in the area of their research
and development [1-3]. High specific strength (the ratio of tensile strength and
modulus of elasticity to specific weight), the ability to damp vibrations and low resis-
tance to corrosion, allows the use of castings from Mg alloys as an alternative solution
to Al alloys, as well as for parts made of plastics and composite materials.

In order to reduce the weight of products while maintaining the assumed strength
and stiffness, light metal alloys are most often used in the transport industry or
machine construction. As a result, products made of light metals reduce the negative
impact of human activity on the natural environment, while ensuring their competi-
tiveness [4]. Industrial Mg alloys used in aviation (WE43, MSR, RZ5) are character-
ized by a very low elongation compared to alloys intended for use as parts in the
automotive industry. Seventy percent of magnesium alloys production is used in the
automotive industry, and the remaining thirty percent mainly in the aerospace and
electronics industries. For example, Audi (automotive) company, in order to reduce
the weight of vehicles, produces five-speed gears made of magnesium alloy AZ91THP
(Cu 0.016%, Mn 0.17%, Zn 0.72%, Si 0.03%, Fe 0.002%, Al 9.45%, Ni 0.025%).
Vehicles in which parts made of light metal alloys are used burn less fuel, which in
turn reduces the consumption of fossil fuels and the emission of pollutants into the
atmosphere [5, 6].

In addition, magnesium alloys have found applications in aviation (helicopter
gear housings, A320, F16 aircraft components), automotive industry (Rolls Royce
and BMW engines, wheel rims, city bus handrails), electronics industry (Nikon
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SLR camera body), gardening industry (Nikon body crankcase in Husqvarna petrol
mowers), recreation (elements of bicycle construction), construction (window
structures, bolts, handles) or medicine (implants, e.g. Magnezix) [5, 7]. Currently,
implants made of magnesium alloys (Magnezix®) are implanted in patients with
wrist fractures. The metal screw after absorption is replaced by bone tissue. Screws
made of Magnezix® are already being implanted in patients. On the basis of observa-
tions, wound healing after 6 weeks and gas evolution as a result of screw degrada-
tion were observed. No postoperative complications were reported. Injuries to the
osteoarticular system, as well as diseases of the musculoskeletal system, including the
continuous increase in the incidence of bone cancer, are the main and most common
threat to the health of modern society. Hence the growing demand for new biomateri-
als, such as resorbable magnesium alloys.

The monograph “Magnesium Alloys - Processing, Potential, Applications” collects
the latest processing methods as well as potential and newly developed areas of appli-
cation of magnesium alloys. Due to the continuous improvement and development
of the use of magnesium alloys in the automotive industry, the book contains content
regarding both application possibilities and an improved version of the method of
their production. Recent reports on the use of magnesium alloys as thermoelectric
elements have also been presented. Details on the applications of dissolvable magne-
sium alloys are presented. In medicine, Mg and its alloys have been considered for two
decades as a degradable implant material. The concept and progress in determining
key properties for implantology applications are discussed.

The growing trends in the production of magnesium alloys indicate an increased
need for their use in the broadly understood construction industry, therefore it is
expected that these alloys will become one of the most frequently used construction
materials of our century, which is the basis for maintaining and developing a high
pace of research on the problem of light alloys.
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Chapter?2

Applications of High-Pressure
Die-Casting (HPDC) Magnesium
Alloys in Industry

Sophia Fan, Xu Wang, Gerry Gang Wang and Jonathan P. Weiler

Abstract

High-pressure die-cast (HPDC) magnesium alloys have seen diverse applications
in the automotive industry, primarily driven by requirements in internal combus-
tion engine (ICE) vehicles. As the automotive industry is transitioning to an electric
vehicle (EV) architecture, there is a great potential for novel applications to improve
driving range efficiency. In addition, there is a trend toward larger-sized automotive
die castings and an increased interest in aerospace applications due to weight reduc-
tion. In this chapter, we reviewed the traditional automotive structural applications
in ICE vehicles, as well as current and potential future EV and aerospace applications
of HPDC magnesium alloys. The structural applications using AM50, AM60, AZ91
and AE44 magnesium alloys in traditional vehicles can be applied to modern EVs.
Additionally, magnesium alloys with varying degrees of higher thermal conductivity,
improved castability, superior high temperature properties and flammability need to
be developed to replace battery and aerospace in-cabin-related structural materials to
meet all safety requirements. Several newly developed magnesium alloys with supe-
rior castability are also reviewed for potential automotive and aerospace applications.

Keywords: high pressure die cast (HPDC), magnesium alloy, castability, automotive,
aerospace, lightweighting

1. Introduction

There has been an increasing need to reduce the weight of vehicles as forced by
emissions and fuel economy legislation. Therefore, lightweighting has become a very
important topic for improving power efficiencies while maintaining safety and per-
formance. Several lightweighting strategies, such as product optimization, material
substitution and part consolidation, are driven by replacing higher density structural
materials with less dense materials.

Magnesium and its alloys have several advantages compared with other automo-
tive metals. Magnesium has a density of 1.74 g/cm’, which is significantly lower than
both aluminum and steel [1]. Magnesium alloys are well known to have excellent
specific strength, superior automatability and castability characteristics as well
as suitable for the use of self-threading fasteners [2]. Besides the commonly used
magnesium alloys which might be unsuitable for service above 150°C [3, 4], heat and
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creep resistant [5-7] as well as corrosion resistant [8, 9], magnesium alloys have been
developed with the addition of appropriate alloying elements. The automotive indus-
try is experiencing a transition in powertrain architectures from internal combus-
tion engine (ICE) to electric vehicles (EV). The development in increasing thermal
conductivity of magnesium alloys has supported battery-related applications [7]. On
the other hand, flammability resistance has been a hot topic for magnesium alloys,
and the related research has gained substantial progress which is highly valuable

for aerospace applications [10-19]. Attributed to the above advantages, magnesium
alloys have become one of the lightest and most popular structural metals utilized
extensively in the automotive industry.

Most magnesium alloy components in industry are manufactured through high-
pressure die casting (HPDC) process [20-21] which is illustrated in Figure 1. HPDC
process offers attractive flexibility in design and manufacturing, excellent die filling
characteristics and high efficiency in reduction of secondary processes required
by steel structures. Figure 2 provides a comparison of the yield strength of AZ91
fabricated by several different processes [22-25]. The high strength for that produced
by HPDC process is a result of the remarkably fine microstructure from fast-cooling
rate. With modern HPDC technologies, magnesium alloys can be produced in near-
net shape products with large, thin-wall and complex geometry, exhibiting outstand-
ing structural and functional performance, and therefore has been widely applied as
an efficient and cost-saving method especially for high-volume productions.

In the current chapter, the applications of HPDC magnesium alloys in both histori-
cal and potential automotive and aerospace industries will be reviewed to provide an
overall understanding of the successful examples and ongoing development status.

Hydraulic clamp

—

Die

Shot sleeve

——

Figure 1.
Schematic diagram showing high pressure die casting (HPDC) process.
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Figure 2.
Comparison of the yield strength of AZ91 fabricated by four different processes [22, 25].

2. Applications of HPDC magnesium alloys
2.1 Traditional applications

Increasing attention has been paid to replace steel and aluminum structural
components with magnesium alloys on traditional internal combustion engine (ICE)
vehicles in the past several decades. HPDC magnesium alloys have seen a number of
these applications. Cost-economic AM50, AM60, AZ91 and AE44 magnesium alloys
with excellent castability are most used to manufacture automotive components
through the HPDC process. The criteria for component material selection are based
on the alloy properties and component service environment.

Figure 3 shows the mechanical [25-27] and corrosion properties of conventional
HPDC magnesium alloys and HPDC aluminum alloy A380. The magnesium alloys
have comparable yield strength with A380 and similar or better elongations. The mass
gains of the as-cast alloys were measured by Meridian Lightweight Technologies at
several intervals during salt spray testing (SST) as per ASTM B117 for 1000 hours, to
evaluate corrosion properties. It was noted that magnesium alloys AM60B, AZ91D and
AE44 showed better corrosion resistance than HPDC A380 aluminum alloy. Based on
these properties, the AE44 alloy with high strength and ductility at high temperature
is typically used in elevated temperature environments, the AZ91D alloy is selected
for high strength, good corrosion resistance and moderate temperature applications,
and AM50A/AMG60B alloys are utilized where high ductility is required in normal
atmospheres.
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Figure 3.

Mechanical and corrosion properties of conventional HPDC magnesium alloys: (a) mechanical properties [25-27]
and (b) salt spray test for 1000 hours conducted by Meridian lightweight technologies.

2.1.1 Interior applications

Magnesium alloy die castings have been widely utilized in interior automotive
applications where minimum general corrosion resistance is required. Instrument
panel (IP) or cross-car beam (CCB) is one of the earliest interior applications of mag-
nesium alloys in the automotive industry which has been remarkably advanced owing
to mass saving requirements in the past two decades. The first and largest die-cast
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magnesium IP (~12.5 kg) with a wall thickness of ~4 mm was developed by General
Motor in 1961 to replace a previous steel IP, which achieved ~25% weight saving [21].
With the optimization of materials and designs, the wall thickness of HPDC magne-
sium component has been dramatically reduced which has further improved the mass
saving efficiency. State-of-the-art one-piece thin-walled cross-car beams can be cast
in weights as low as 3 ~ 5 kg.

Figure 4 shows the evolution of the HPDC AM60B magnesium CCB on Jaguar
Land Rover (JLR) S-type vehicle from 1998 to present [28]. The initial CCB in
Figure 4(a) was made of steel which was replaced by the first-generation AM60B
magnesium alloy in 2002 ~ 2007 model with a part weight of approximately 5.2 kg.
The second-generation was then developed for the model year 2008 XF vehicle with
a weight of approximately 5.7 kg and additional contents. With the optimization of
design and casting wall thickness, the weight of the third-generation magnesium
CCB was reduced to approximately 3.6 kg without decreasing the safety requirement.
Although magnesium CCBs have been commonly used in North America and Europe,
its application in China market is limited. Hybrid CCB assemblies composed of a
half magnesium alloy beam on the driver side and half steel beam on the passenger
side were developed on 2017 SAIC Motor Roewe i6, 2019 SAIC Motor Roewe ei5,
2018 NIO ES8 and 2020 BYD Han. These half magnesium CCBs usually have a total
width of less than 1 m and weigh 2 ~ 4 kg. There is a significant opportunity to grow
the magnesium alloy for one-piece CCB application in China to help meet the mass
saving requirements as described in the 2020 Energy-saving and New Energy Vehicle
Technology Roadmap 2.0 [29].

Seat frame is another important application of magnesium alloys in the interior
automotive. The first concept of using magnesium seatback frame and cushion was
demonstrated by Mercedes-Benz AG by using AM50 and AM20 alloys with a total
weight ~ 8.5 kg about three decades ago [30]. Several studies and developments
were reported on expanding the application of magnesium alloys for seat frames
[31-35]. The state-of-the-art magnesium seatback and cushion are found with
thinner wall thickness and less weight than before and are more widely utilized on
vehicles. Figure 5(a) shows the 2014 Chevrolet Corvette Stingray AM60B magne-
sium backseat with a weight of 1.5 kg which demonstrates greater specific strength
than the steel frame it replaced. The side bolsters provide a more supportive and

Figure 4.

Evolution of jaguar land rover (JLR) cross car beams (CCB): (a) jaguar S-type 1963 initial design (1998);

(b) first-generation magnesium CCB (2002 ~ 2007 jaguar S-type X202); (c) second-generation magnesium CCB
(2008-2015 jaguar XF X250) and (d) third-generation magnesium CCB (2015-present XF X260) [28].
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Figure 5.

Images showing backseat applications: (a) 2014 Chevrolet corvette seatback (courtesy of GM); (b) 2015 Mercedes-
Benz SLK seatback [37] (courtesy of GF casting solutions) and (c) 2014 BMW i3 seatback [38] (courtesy of
BASF).

comfortable seat frame on the competition sport model [36]. Figure 5(b) shows the
2015 Mercedes-Benz SLK AM50 magnesium seat which demonstrates a 30% weight
saving and received the 2015 “Automotive Cast Design Product” Award of Excellence
at the International Magnesium Association (IMA) 72nd Annual World Magnesium
Conference [37]. Manufacturing a seatback frame with one-piece HPDC magnesium
alloy can have advantages over injection molding using fiber reinforced composite
which is another alternative solution for lightweighting. Figure 5(c) shows the 2014
BMW i3 back seat made through injection molding using PA66 with long glass fiber
by BASF [38]. The plastic seat frame has a weight of 2.3 kg which does show weight
reduction over the steel frame it replaced but requires another 2 kg steel reinforce-
ment recliner to maintain strength [38].

Automotive steering wheels made by magnesium alloys AM40B and AM60B
have been used since 1987 by Honda Motor [39]. Toyota Motor Corp. also reported
the development of a one-piece HPDC AM60B magnesium steering wheel in 1991
[40, 41] which saved approximately 45% weight than the previous steel one. More
recently, magnesium steering wheels made of both AM50 [42] and AM60 [43] are
widely used in Europe and Asia.

Figure 6 depicts additional automotive interior applications of HPDC magnesium
alloys. Figure 6(a) shows a HPDC AZ91D Bose audio amplifier made by Twin City
Die Casting for automotive application which was awarded the 2014 North America
Die Casting Association (NADCA) International Die-Casting Award for Magnesium
Over 0.51bs [44]. The audio amplifier weighs about 0.5 kg and provides both efficient
weight saving and good heat dissipation. Figure 6(b) and (c) illustrates the HPDC
AMG60 display bracket and steering column manufactured by Meridian Lightweight
Technologies. Figure 6(d) and (e) demonstrates the AM50 front and back center
console on Audi A8 [37] and AM60 center stack on JLR Defender manufactured by
GF Casting Solutions [45].

Another recent interior application of HPDC AM50A magnesium alloy is the
rear support bracket (RSB) manufactured by Meridian Lightweight Technologies
in the 2022 Mercedes-AMG SL Roadster as shown in Figure 7. This application was
awarded the 2022 Automotive Cast Product IMA Award of Excellence at the 79th
Annual World Magnesium Conference [46]. Each bracket weighs about 1.9 kg and
provides Mercedes-AMG with the most economic weight saving. The bracket was
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Figure 6.

Im%tges showing interior applications of HPDC magnesium alloys: (a) AZ91D automotive audio amplifier cast by
Twin City die casting company [44]; (b) AMé6o display bracket on 2021 ford explorer; (c) AM6o steering column
cast by Meridian lightweight technologies; (d) AMso center console on Audi A8 and (e) AMG6o center stack on
JLR defender [45] (courtesy of GF casting solutions).

RH
Weight = 193 kg

Figure7.
AMS50 left hand (LH) and right hand (RH) rear support brackets on 2022 Mercedes-AMG SL roadster cast by
Meridian lightweight technologies [46].

able to improve vehicle strength and stiffness, provide spaces for airbags and seatbelt
anchorages, contribute to the entire vehicle rigidity improvement and support the
second-row backseats. It successfully helped Mercedes-AMG to re-introduce the

“2 + 27 seating concept as a standard model. Overall, more efforts are being made to
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replace interior automotive components with magnesium alloys which demonstrate
efficient weight reductions and part consolidation.

2.1.2 Body applications

The concept of utilizing magnesium alloys for automotive body applications was
developed about three decades ago and has been significantly scaled up in the recent
years. Die-casting roof frames have been used on the Chevrolet C5 Corvette starting
in 1997 and again on the Cadillac XLR two passenger roadster since 2003 [21]. The
HPDC magnesium radiator support (MRS) was launched by Meridian Lightweight
Technologies and Ford Motor Company for the 2004 Ford F-150 truck which was the
first ever magnesium front-end application [47]. Figure 8(a) shows the overview of
the first-generation MRS in 2004. The MRS was made from AM50A magnesium alloy
which was assembled with EG60 steel bridging brackets. To minimize the galvanic
corrosion between steel and magnesium, several corrosion prevention strategies were

Figure 8.
Evolution of ford F-150 AM50A magnesium radiator support (MRS): (a) 2004 model; (b) 2009 model, (c) and
(d) 2017 model before and after coating.
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developed including redesigning the casting and brackets, applying chemical conver-
sion coating and powder coating on magnesium, utilizing 5000 series aluminum
spacers and nylon-coated bushings to avoid galvanic contact between magnesium
and steel and using zinc electroplated fasteners [47]. The MRS casting design was
evaluated through extensive component performance tests at Fords Arizona Proving
Ground (APG). Figure 8(b)-(d) shows the second- and third-generation MRS cast-
ings developed in 2009 and 2017. All three generation castings have similar function-
alities; however, significant mass reductions were achieved through optimization of
material design and nominal wallstock reductions. The first-generation MRS (11.3 kg)
saved 35% weight by replacing the original steel front end in 2004, and the third
generation resulted in a mass reduction of 75% compared to the original steel design.

The Chrysler Dodge Viper SRT10 front of dash (FOD) launched in 2003 was
the largest single piece of magnesium die casting for automotive body structural
application [48]. The one-piece AM60B magnesium casting is assembled with three
steel stampings to replace 51 individual assembled stamped steel pieces, achieving
a weight reduction of 52%. The magnesium FOD implementation provided OEMs
and Tier 1 suppliers with design and manufacturing flexibility and was awarded the
2002 Automotive Cast Product IMA Award of Excellence at the 59th Annual World
Magnesium Conference.

A spare tire carrier (STC) component is another application of magnesium alloys
for body structures implemented in 2006 [49]. A powder coating or over-molding
outer layer has been applied on the STC to improve cosmetic corrosion resistance, as
well as scratch and UV degradation resistance [50]. Figure 9 shows the evolution of
the Jeep Wrangler STC from 1996 to current model. The STC on 1996 ~ 2006 TJ model
was made of three welded stamping steel parts assembled with a thermoplastic center
high mounted stop lamp (CHMSL) which has a total weight of 5.3 kg (Figure 9(a))
[51]. Figure 9(b) shows the first magnesium STC on the 2007 ~ 2018 JK model which
achieved a weight reduction of 65% and a cost saving over the previous steel STC [51].
The HPDC process also showed its advantages by integrating the carrier part with the
CHMSL part together which further saved assembly and tooling cost. The casting made
of AM60B magnesium alloy and a steel tether was added to provide enough strength
for rear impact loading. Furthermore, powder coating, plastic washers/isolator and
E-coated fasteners were utilized to enhance abrasion and corrosion performance [51].

Figure 9.
Evolution of jeep wrangler spare tire carrier (STC): (a) first generation on 1996 ~ 2006 model; (b) second
generation on 2007 ~ 2018 model and (c) third generation on 2018 ~ present model.
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The STC on 2018 ~ present JL model is made of thixomolding AM60B magnesium alloy
with Nylon 66 over molding as shown in Figure 9(c) [50]. The STC is designed wider
to accommodate two air exhausts and has a weight of 3.1 kg. Although the third-gen-
eration STC increases its load capacity from 38 kg to 52 kg over the second generation,
itadds an assembly step as a dual post plastic CHMSL, a separate component from the
STC.

The first application of magnesium HPDC alloys in liftgate or hatchback inner
was reported by Volkswagen Group on a 3 Liter car (3 L/100 km) Lupo TDI in 2000
[52]. The AM50A magnesium alloy inner, cast in a 3300 T die-cast machine was
coupled with an aluminum outer to produce an assembly weighing 2.8 kg, resulting
in a weight saving of nearly 50% compared to the steel version. Several years later,
Mercedes-Benz also developed a HPDC magnesium alloy liftgate inner for the 2009
Mercedes E-class S212 T-model [53]. The 7.1 kg liftgate inner was high-pressure
die cast in a 4200 T cast machine using AM50 magnesium alloy. The magnesium
liftgate inner (1.4 m x 1.1 m with 2 ~ 5 mm thick) was e-coated and powder coated
and then roll seamed and adhesive bonded with an AC170 aluminum outer. The
entire assembly achieved 32% mass saving compared to the previous steel design.

In the following year, Ford reported the first North American magnesium liftgate
inner (1.38 m x 1.315 m) on the 2010 Lincoln MKT which was the largest magnesium
liftgate at that time [54-56]. The final casting not only reduced the total weight by
40%, but also improved design flexibility and significantly decreased assembly time
by replacing six stamped steel pieces into one integrated casting. The utilization of
magnesium as rear gate inner was then significantly expanded [57, 58], and the latest
examples are the liftgate inner on 2017 Chrysler Pacifica which achieved a mass reduc-
tion of nearly 50% [51, 57] and the 2018 JL swing gate [51].

A magnesium side door inner was firstly reported by Mercedes-Benz on CL-class
coupe in 1999 [59] and SL-class in 2000 [60] using HPDC AM50 magnesium alloy.
The utilization examples of magnesium cast door inners grown in luxury vehicles are
a Ford magnesium door inner prototype project [61], the 2004 Aston Martin DB9 side
door inner [62], the 2017 Aston Martin Vanquish S side door inner [58] and the GM
integrated side door inner panel R&D project [63]. Some of the latest body structure
applications of HPDC magnesium alloys include the door inner upper beltline rein-
forcement on the 2020 Chevrolet Corvette [63] and a convertible roof top on the 2013
Opel Cascade Cabrio [64].

2.1.3 Powertrain applications

The first utilization of magnesium alloys in the automotive industry was actu-
ally for engine piston application in the early 1900s using Dowmetal alloys and
was proved to have similar strength and performance as aluminum in the 1921
Indianapolis 500 racing competition [65]. The first die-casting magnesium piston
was made by Elektronmetal GmbH (a subsidiary of Mahle GmbH) in 1925 which
was manufactured in high-volume applications ranging from commercial vehicle to
submarine engines. Magnesium alloys for air-cooled powertrain applications such
as pistons, engine blocks and gearboxes were extensively used in the production of
the Volkswagen Beetle in 1938 and Transporter in 1949 [66]. However, utilization of
magnesium alloy for powertrain applications was reduced due to increasing engine
operating temperature and loading in the 1960’s when air-cooling engines were
replaced with water-cooling. The use of magnesium alloys was restricted due to the
corrosion performance of the alloy compositions available at the time and creep

18



Applications of High-Pressure Die-Casting (HPDC) Magnesium Alloys in Industry
DOI: http://dx.doi.org/10.5772/intechopen.110494

performance at the elevated engine operating temperatures. Many efforts were then
taken to enhance the corrosion and creep properties of magnesium alloys including

limits on impurities in alloy compositions, alloying such as rare earth (RE) element

additions [67] and using hybrid designs.

In the last several years, magnesium alloy AZ91D with limits on impurity elements
and RE-containing magnesium alloy AE44 have been widely used for powertrain
applications. A HPDC AE44 magnesium engine front cover was used for the 2012
Porsche G1 Panamera and 2011 E2 Cayenne models with a weight of approximately
2.1 kg that achieved a 45% weight reduction over the aluminum cover it replaced
[45]. A HPDC AE44 oil conduit module was manufactured by GF Casting Solutions
and used on the Porsche Panamera as shown in Figure 10(a) [68]. The first ever
magnesium oil conduit module had a weight of 4.6 kg resulting in a 24% weight
saving from the previous aluminum one. Figure 10(b) shows the AZ91 gearbox
housing utilized on Volkswagen Golf and Passat models which has a weight of 6.8 kg.
Figure 10(c) and (d) shows the AZ91 transfer and transmission cases manufactured
by Meridian Lightweight Technologies. Some other powertrain components made
by magnesium alloys have also been reported—an AE44 valve cover on the Porsche
Panamera, an AJ62 composite crankcase on the BMW 630 Ci [69] and an ACM522
magnesium oil pan used on Honda vehicles [70].

2.1.4 Chassis applications

A HPDC magnesium alloy chassis application was first reported on the 2006 GM
Chevrolet Z06 Corvette with an engine cradle application [32, 69, 71]. The engine
cradle was made of AE44 magnesium alloy and had a weight of 10.5 kg, resulting in
a weight saving of 35% compared to an aluminum design. The magnesium engine
cradle was used to support the engine and front bumper beam and functioned as a

Figure 10.

Powertrain applications of HPDC magnesium alloys: (a) AE44 oil conduit module on Porsche Panamera [48]
(courtesy of GF casting solutions) and (b) AZ91 gearbox on Volkswagen golf and Passat [45] (courtesy of GF
casting solutions); (c) AZ91 transfer case on ford F-150 and (d) AZ91 transmission case prototype made by
Meridian lightweight technologies.
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mounting point for several front suspension components. An R&D project demon-
strating the feasibility of an HPDC AE44 subframe is another example of magnesium
alloys for chassis application [72-74]. The subframe integrated 15 steel stamping
parts into a one-piece die casting which had a weight of 15.6 kg that achieved a
weight saving of 32%. The subframe connected with other front suspension sys-
tems is located underneath the vehicle and is generally exposed to severe corrosive
environment conditions such as water, salt and dirt. Therefore, a couple of galvanic
corrosion prevention strategies such as aluminum spacers and coated fasteners were
investigated through Ford proving ground and lab accelerated corrosion tests [73].
Magnesium wheels are also reported on racing vehicles and roadsters although mainly
manufactured through forging process [24, 75, 76]. A die-cast AM60 magnesium
wheel was used for the 2015 Yamaha YZF-R1 motorcycle which improved the vehicle
maneuverability and handling stability [77]. The advantages and disadvantages of
using magnesium automotive wheels were also investigated [78-80]. However, the
high cost and corrosion concerns of magnesium alloys restrict their application on
automotive wheels. Furthermore, porosity in HPDC components is a safety concern
for magnesium cast wheels. The application of HPDC magnesium alloys for automo-
tive chassis application is limited and requires further investigation.

2.1.5 Other automotive applications

Other HPDC magnesium alloy applications in the automotive industry have also
been reported. A magnesium AE44 alloy strut tower brace was utilized on the 2020
Ford Mustang Shelby GT500 [81-84]. Figure 11 shows the evolution of the strut tower
brace. The magnesium strut tower brace weighs 3.6 kg and integrates the previous
stamped steel and extruded aluminum pieces into one die casting part which achieved
a 46% mass reduction. Several coating options were evaluated through Ford’s L-467
cyclic corrosion testing (CCT). The resulting production intent coating chosen was
a ceramic-based pretreatment and UV-compatible powder coating, while anodized
aluminum washers were used for galvanic corrosion prevention [83].

Figure 11.
Evolution of ford mustang GT strut tower mount: (top) steel stamping and aluminum extrusion strut tower mount
and (bottom) HPDC magnesium strut tower brace manufactured by Meridian lightweight technologies.
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A recent new magnesium die-cast alloy was developed using Mg-Al-Zn-Mn
composition which is intended for structural applications [85]. The magnesium alloy
chemical composition was tailored to 4 ~ 5% Al and 0.4 ~ 1.2% Zn which demon-
strates competitive castability, strength and ductility with conventional AM50 and
AM60 magnesium alloys. Other HPDC magnesium automotive applications such as
the AM60 JLR Defender driver/passenger side, AM60 JLR left/right hand endcap [45]
and 2022 Cadillac CT4-V/CT5-V paddle shifter [86] demonstrate versatile applications
in the automotive industry.

2.2 Current EV applications

With recent developments in EV technologies, increasingly more internal com-
bustion engine (ICE) powertrains are being replaced by hybrid, plug-in hybrid and
battery electric vehicles. Decreasing the vehicle weight and increasing the battery
pack power are two of the primary methods of extending the EV driving range.
Therefore, switching existing magnesium components from traditional ICE to EV
applications and developing more battery-related magnesium components become
significantly important. The majority of HPDC magnesium alloy structural applica-
tions are transferrable to EV architectures as much of the body structure of these
vehicles is very similar. For instance, an AM60 magnesium CCB is found on Ford’s
first EV, the 2021 Mustang Mach-E model [87]. An AM60B magnesium front-end
carrier was also utilized on the 2013 Tesla Model S sedan, and an AM50 magnesium
upper door frame was used on the Tesla Model X made by GF Casting Solutions [88].
The magnesium interior applications like seatback, display bracket, side/back door
inner, center console, steering column and many other components are basically same
on ICEVs and EVs. Therefore, it is reasonable to expect that more utilizations of those
components cast using traditional AM and AZ alloys will be reported.

In newly developed EV-specific applications, an AZ91D onboard charger housing
is manufactured by Meridian Lightweight Technologies as shown in Figure 12(a)
[89-91]. The two-piece magnesium charger housing replaces the previous two-piece
aluminum component providing a 25% weight reduction. The charger housing was
the first ever HPDC magnesium application in a battery-related component in the
EV automotive industry. A prototyped magnesium battery tray is also reported
by FUSIUM for automotive applications as shown in Figure 12(b) but was not in
large-scale production [92].

Figure 12.
Battery-related application of magnesium alloys: (a) HPDC AZ91D battery charger housing manufactured by
Meridian lightweight technologies [89] and (b) prototyped battery tray [92] (courtesy of Fusium,).
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Although traditional Mg-Al cast alloys can be utilized to make structural com-
ponents for EVs, numerous automakers value thermal conductivity properties for
battery-related applications. A battery housing application typically requires a
lightweight design with the capability for small temperature variations to optimize
the battery operations—otherwise known as excellent heat dissipation and thermal
conductivity. The conventional cast Mg-Al alloys have relatively low thermal conduc-
tivities. Figure 13 shows the influence of aluminum content of magnesium alloys on
the thermal conductivity of magnesium alloys. The experimental thermal conductivi-
ties of Mg-Al alloys compare well with the PANDAT simulation results. The addition
of RE elements results in improved thermal conductivity compared with the PANDAT
predictions aluminum content predictions. For example, DSM-1 alloy developed by
Dead Sea Magnesium has a similar thermal conductivity with HPDC aluminum A380
[85]. It is expected that this alloy will have an enormous potential for EV applications
owing to its favorable die castability, as well as mechanical and thermal conductivity
properties.

Extensive studies and evaluations were conducted to improve the thermal conduc-
tivity of traditional Mg-Al alloys through alloying elements like Al [93-96], Zn [94,
97-100], Mn [94, 97], Sn [97, 101], Zr [97], Ca [97, 102, 103], Si [103, 104], Li [101], Sr.
[102] and RE elements like Sc [105], Y [106-108], Gd [106, 107, 109], Ce [108, 110-114],
La [113, 115, 116], Nd [113, 117] and Sm [108, 113]. The influence of chemical com-
position, second phase, microstructure, texture and casting processes on the thermal
conductivity of magnesium alloys has been discussed in these studies. All alloying ele-
ments act to reduce the thermal conductivity from that of pure magnesium. The solute
of elements in a-magnesium will distort the original lattice structure, form second phase
and act as scattering points for electrons and phonons during thermal transportation.
Therefore, the past ways for increasing the thermal conductivity of alloys are mainly
focused on minimizing the solute of atoms and fraction of second phase [118]. It was
also reported that the thermal conductivity of magnesium alloys is affected by solute
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Influence of aluminum content on thermal conductivity of magnesium alloys: Comparison results from PANDAT
simulation and tests on Mg-Al and Mg-Al-RE alloys.
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atoms while the second phase only shows very slight effects [108, 109, 117]. Therefore,
selecting an alloying element with low solubility in magnesium is critical to improving
the thermal conductivity of a magnesium alloy.

Figure 14 shows the solubility of several RE elements in magnesium alloys. The
elements La and Ce have relatively low solubility in magnesium and are expected
to contribute greater to improving thermal conductivity of a magnesium alloy, e.g.,
DSM-1. Several other magnesium alloy compositions were also developed using lab
scale HPDC machines [119-123] which showed excellent thermal conductivities and
good die castability. The Mg-4Al-4Zn-4RE-1Ca magnesium alloy was reported to have
good castability for thin-walled components with a thermal conductivity of 94.4 W/
mK and desirable mechanical properties (YS = 185 MPa, UTS = 233 MPa and elonga-
tion = 4.2%) [121]. The Mg-3RE-0.5Zn alloy is reported to also have good castability, a
thermal conductivity of 133.9 W/mK and good mechanical properties (YS = 153 MPa,
UTS = 195 MPa and elongation = 4.3%) [122]. Finally, the Mg-4La-2.5A1-0.5Mn
alloy with a thermal conductivity of 106.5 W/mK and good strength and ductility
(YS = 149 MPa, UTS = 253 MPa and elongation = 11.5%) was reported to have favor-
able castability as well [103]. However, the evaluation of the castability of these alloys
with larger scale die-casting machines is needed upon further consideration in EV
applications.

2.3 Aerospace applications
The use of magnesium cast alloys in aerospace applications started as early as the

1930s and peaked two decades later. Several prototype aircrafts were developed con-
taining magnesium, including the XP-56 Black Bullet by Northrop Corporation, with
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Figure 14.
Solubility of selected RE elements in magnesium [107, 108, 113, 114].
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a magnesium airframe and welded skin in 1943, the F-80C (47-171) by Lockheed and
the Convair XC-99 by US Air Force [124]. A large volume of magnesium alloy was also
found on other aircrafts like the Convair B-36 (~8600 kg), the Boeing B47 (5500 kg),
the Soviet Union TU-95MS (1550 kg), the Tupolev TU-134 (780 kg) and the Sikorsky
S-56 (115 kg) [125]. Several magnesium cast components were reported on aircrafts,
including an AZ92A thrust reverser cascade on the Boeing 737, an EZ33A gearbox ona
Rolls Royce and a ZE41 transmission casing on a Sikorsky S92 [124, 126].

However, corrosion and flammability issues restricted further development of
magnesium components utilized in the aerospace industry as the use of magnesium
components dropped by 95% in mass from the 1966 Tupolev TU-134 to the 1991
TU-304 model [125]. Further, the use of magnesium in aerospace applications was
banned in 2005, according to the SAE standard AS8049B. More recently, as the
magnesium industry has advanced and with a high demand of lightweighting in the
aerospace industry, more attention has been paid to improve the magnesium alloy
properties and re-introduce magnesium alloys back into aerospace in the last fifteen
years. The Federal Aviation Administration (FAA) developed a flammability standard
for magnesium material (FAA Chapter 25) in 2015. As a result, the SAE AS8048
standard was revised to reconsider the use of magnesium alloys in Revision C [127].

Several studies were conducted to improve the flammability resistance of magne-
sium alloys, mainly through alloying elements such as Al [10, 11], Be [128, 129], Ca
[12-19] and REs [130-134]. The addition of Ca and REs are two of the most effective
ways of strengthening the magnesium flammability resistance. Minimum addition
of REs is well-known to enhance the oxidation resistance of magnesium alloys which
can increase their flammability resistance. The FAA completed several tests on the
WE43 alloy composition as per Chapter 25 and demonstrated that the flammability
characteristics of WE43 were consistent with materials in production and qualified
for aircraft interior applications [135]. Some other magnesium alloys that can pass
FAA Chapter 25 testing were also reported [136]. However, those alloys are either
too expensive or non-castable for large volume production using a HPDC process.
Therefore, the focus of the major studies on improving the magnesium flammability
resistance was on alloying using Ca which is a more cost-effective and potentially
castable solution. The addition of Ca into magnesium alloy was firstly reported in
1911 [137] and was investigated for flammability and ignition resistance in 1924
[14]. Ca can be added to magnesium alloys either through adding pure Ca or calcium
compounds like Al,Ca [138], CaO [139-141] and Ca(OH), [142]. The addition of Cais
reported to increase the magnesium flammability resistance through several mecha-
nisms such as increasing the ignition temperature [128, 143], forming more thermal
stable second Laves phases [16, 144] and modifying the oxide film [145, 146].

Here, we tested twelve existing magnesium alloys at Meridian Lightweight
Technologies which included five Ca-containing alloys and seven non-Ca alloys as per
FAA Chapter 25. Figure 15 shows the testing results with the correlation of mass loss
after testing and aluminum content in each alloy. With the additions of calcium above
0.6%, the flammability resistance of magnesium alloys is significantly improved.
Figure 15 also shows the typical cross-section appearance of alloys after FAA testing
where the oxide film formed on Ca-containing magnesium alloy is much denser and
smoother than the one without Ca.

Increasing the content of Ca is found to negatively affect the castability of
magnesium alloys resulting in die sticking, hot tearing, sinks and cold shots [147].
The hot tearing tendency is increased by an elevated precipitation temperature of
Al,Ca addition into AZ91 which affects filling [148]. Ca additions are also reported
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Influence of alloying on mass loss of magnesium alloys tested as per FAA chapter 25 by Meridian lightweight
technologies.

to promote the reaction between die steel and the magnesium melt that results in
die sticking [140]. However, Ca-containing magnesium alloys have been reported to
have a good combination of flammability resistance and castability through opti-
mization of the alloy composition and casting processes [149-152]. The ZACE05613
magnesium alloy was used to produce transmission cases without hot tearing issues
[149]. The Mg-Al-Mn-Ca-Si alloy AMXS6020 was also reported without castability
issues [152]. Based on these studies, the development of cast alloys and processes
with acceptable flammability resistance is expected to continue with a target for
aerospace applications.

3. Conclusions

The applications and developments of HPDC magnesium alloys in the automotive
and aerospace industry were reviewed. Attributed to the relatively low density, high
strength, good ductility, tunable thermal conductivity as well as extraordinary advan-
tage of greatly decreasing the number of parts and assembly compared to the steel
counterparts, HPDC magnesium alloys have been widely used in automotive industry.

HPDC magnesium alloys, e.g., AM50/AM60 have been widely used for interior
automotive applications, such as instrument panel (IP), cross-car beam (CCB)
and seat frame. They have also been used for automotive body such as roof frames,
magnesium radiator support (MRS), front of dash (FOD), spare tire carrier (STC),
liftgate or hatchback inners and side door inners.

The powertrain applications of HPDC magnesium alloys started with gearboxes,
engine pistons and blocks and were expanded to the use of AZ91D and AE44 which
have favorable corrosion and creep properties and are suitable for oil conduits,
gearbox house, transfer and transmission cases.
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The structural applications of HPDC magnesium alloys are transferrable to EV
architectures such as upper door frame and front-end carrier as well as interior
applications including seatback, display bracket, side/back door inner, center console,
steering column and many other components.

HPDC magnesium alloys also show high potentials for EV-specific applications
including onboard charger housing and battery tray. More studies are ongoing to
achieve a sweet combination of good castability and thermal conductivity.

The use of HPDC magnesium alloys in aerospace industry has shown prospective
potentials with the improvement of the flame resistance of magnesium alloys through
alloying elements, e.g., Ca which provides a cost-effective and potentially castable
solution.

The future for magnesium alloy applications in these industries, we believe, is
quite prospective as evidenced by the development of novel alloy systems combining
excellent mechanical properties as well as application-specific tendencies, such as
good thermal conductivity or flammability resistance. We foresee a strong market and
bright future for magnesium alloys in the automotive as well as aerospace industries.
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Chapter 3

Effects of Dimensionality
Reduction for High-Efficiency
Mg-Based Thermoelectrics

Ougii Ceyda Yelgel

Abstract

Over the past decade, there has been significant interest in the field of thermo-
electric materials (TEs) owing to their use in clean and sustainable energy sources for
cooling and/or power generation applications. Especially, Mg,XIV (XIV = Si, Ge, Sn)
based TEs are promising candidates for middle-temperature range energy conversion
due to their high thermoelectric performance, environmentally harmless, abundant
raw materials, non-toxicity, and relatively inexpensive cost of modules. In this book
chapter, we present an overview of the theoretical background of the thermoelectric
transport properties (Seebeck coefficient, electrical conductivity, thermal conductiv-
ity, and thermoelectric figure of merit ZT) of magnesium-based bulk and low dimen-
sional systems (i.e., quantum wells and quantum wires). A detailed description of the
temperature-dependent Fermi level both in extrinsic and intrinsic regimes will be
provided whereby it is the primary step in deriving the thermoelectric transport
parameters of materials. Following the linearized Boltzmann transport equations
temperature-dependent electronic transport properties (Seebeck coefficient, electrical
conductivity, and electronic thermal conductivity) of materials under the energy-
dependent relaxation time approximation will be defined. By employing Debye’s
isotropic continuum model within the single mode relaxation time approximation
including various phonon relaxation rates contributed by different scattering mecha-
nisms the lattice contribution to the thermal conductivity will be included.

Keywords: thermoelectric figure of merit, Mg-based thermoelectrics, thermoelectric
transport properties, Boltzmann transport equation, thermal conductivity, phonon
scattering mechanisms

1. Introduction

Due to the increasing world’s demand for high-efficient clean energy researchers have
been looking for environmentally friendly energy technologies. Non-renewable energy
sources (nuclear power, coal, oil, and gas) have many disadvantages that can be listed as
limited reserves, hazardous environmental risks, acid precipitation, and global climate
change. Therefore, renewable energy sources determined as sourced either directly or
indirectly from the Sun and solar energy have attracted much attention and scientific
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studies have advanced rapidly in renewable energy technologies. As known heat and
electricity are two different types of energy and thermoelectricity bridges between them.
Thermoelectric materials can directly convert thermal energy (such as waste heat gener-
ated by automotive exhaust, domestic heating, and industrial processes) into electrical
energy (and vice versa); this property makes them noteworthy for the development of
sustainable energy-efficient technologies. Compared with other energy conversion tech-
nologies, thermoelectric devices have promising advantages such as having no moving
parts, noiseless operation, long service life, stability, and less maintenance. Besides, it
needs to be noted that the only major disadvantage of thermoelectric devices is their low
efficiency for everyday common use compared to other energy conversion technologies.
As summarized in Figure 1, thermoelectric devices can be extensively used in many fields
such as power generators, cooling devices, sensors, space exploration, solar-based driven
thermoelectric technologies, waste heat recovery from automobile engines, and energy
harvesting and temperature control [1-6].

Different sectors contributing to huge amounts of waste heat energy (~66%), the
biggest energy problem in the world right now, could be transformed to electrical energy
via thermoelectric materials with the help of their ability to convert large amounts of
wasted thermal energy into useful energy. Figure 2a shows the utilization of waste heat
energy from different types of waste energy sources by thermoelectric generator.
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Figure 1.
Overview of application fields of thermoelectric materials.
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Thermoelectric generators are built of thermoelectric modules and a single module
consists of a thermocouple. In Figure 2b, an operation of thermoelectric module
working as a power generator mode is given. A single thermocouple generates a small
thermoelectric force, and therefore to the formation of one module is used even so
many thermocouples in this manner when the thermal energy is supplied the heat is
directed to the thermoelectric modules in which a conversion of thermal energy into
electricity. As shown in Figure 3a, a thermoelectric couple composed of an n-type
(electrons are carriers) and a p-type (holes are carriers) semiconductor material
connected through metallic electrical contact pads. Both power generation (Seebeck
effect) and refrigeration (Peltier effect) can be accomplished using the same module.

The thermoelectric performance of the materials at a certain temperature is ranked

by the dimensionless figure of merit ZT'. Its definition is ZT = % T where T is the
absolute temperature, S is the Seebeck coefficient, o is the electrical conductivity,
andke is the total thermal conductivity (kioral = ke + kpp + kpn) Which has contribu-
tions from carriers (i.e., from electrons for n-type materials or holes for p-type
materials,k.), electron-hole pairs (bipolar,xy), and phonons (kpy), respectively. The
material with a high ZT value has better thermoelectric energy conversion efficiency.
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(a) Utilization of waste heat energy from different types of waste energy sources by thermoelectric generator, and
(b) scheme and operation of thermoelectric module working as a power generator.
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(a) Operation principle of a power generator (Seebeck effect) and a refrigerator (Peltier effect), and (b) schematic
presentation of carrier concentration dependence of electrical transport properties (Seebeck coefficient, electrical
conductivity, carrier thermal conductivity) and thermal transport sourced from phonons.

Therefore, efficient thermoelectric materials need to have a large Seebeck coefficient
to maximize the conversion of heat to electrical power; high electrical conductivity to
minimize Joule heating; and low total thermal conductivity to retain heat at the
junctions and maintain a large temperature gradient. However, as presented in
Figure 3b, these thermoelectric transport properties are strongly coupled with each
other and dependent on the material’s band and crystal structure parameters. Owing
to the complex interdependence among these properties, it is quite challenging to
optimize ZT value and for this reason, the vast majority of research in this field has
been focused on this issue. A desirable goal for everyday practical usage of the ther-
moelectric device is expected to have their efficiency in the range of ZT > 1.5 and

ZT > 2 for power generation and thermoelectric cooling, respectively [7-9]. In the
literature, until the 1990s, the highest value of ZT was found to be around 1 which
means only 10% conversion efficiency [10-12]. In the last few years, on the other
hand, the highest ZT values have been recorded with the help of using novel materials,
following different processing techniques, and having new mechanisms [2, 13-16].
There are various strategies to improve thermoelectric efficiency; maximizing ther-
moelectric power factor (PF = S?¢) by following different methods such as conver-
gence of electronic band valleys, carrier energy filtering, and generating resonant
levels in electronic bands [13, 15, 17-22]; reducing total thermal conductivity with
introducing new point defects by making alloys, embedding nano inclusion,
anharmonicity, nano/mesoscale grain boundaries [2, 14, 23-28]. Among all these
methods we must admit that in the thermoelectric literature Hicks and Dresselhaus
made a revolutionary invention by proposing the use of low-dimensionalizing in
thermoelectric devices and opened a new pathway in high-efficiency thermoelectric
technologies in the early 1990s [29]. In the low dimensionalization method, reduced
sizes of materials to the order of a nanometer in one or two directions are used (such
as superlattices, nanowires, or quantum dots). Following this strategy allows enhanc-
ing ZT to a very large extent by optimizing electronic and thermal properties of
materials in ways that are not possible in bulk materials. Also, the thermoelectric
efficiency of traditional three-dimensional bulk materials can be improved with the
help of the low-dimensionalization method. Low dimensional thermoelectric mate-
rials with unusual high ZT values (which can easily break the limits of unity) have
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High-efficient hermoelectric materials working in the middle-to-high temperature range. Reproduced from Ref.
[40] with permission from the Royal Society of Chemistry.

been reported by several groups [2, 13, 15, 17, 30-33]. Moreover, there have been
significant improvements in portable electronics and intelligent society based on the
internet of things (IoTs), and the internet of nano things (IoNTs) however recharge-
able lithium-ion batteries are inconvenient for applications. At this point, by generat-
ing electricity from the temperature difference between the human body and the
environment, high-efficiency nano-based thermoelectric materials can be an ideal
solution to replace lithium-ion batteries in IoTs and IoNTs [34-39].

There are so many different thermoelectric materials however among all of them
the materials working in the middle-temperature range (namely from 400 K to
800 K) are widely used for thermoelectric applications. Generally, in commercial
practice Bi,Tes-, PbTe-, CoSbs-, and GeTe-based thermoelectric compounds are
mainly used whereas they have toxic constituent elements and are scarce [40-43].
The present market search for cheap, environmentally friendly, and non-toxic ther-
moelectric materials due to safety regulations. Compared to other middle-temperature
thermoelectric materials Magnesium-based materials (Mg,X; X = Si, Ge, Sn) have
been regarded as promising candidates for high efficiency and large-scale application
owing to their high availability, low-cost, reasonable high efficiency, non-toxicity, and
low mass density. In Figure 4, the highest ZT values of the state-of-the-art medium-
to-high temperature thermoelectric materials are given to compare with Mg-based
thermoelectric materials.

Mg,X materials are intermetallic alloys that have been investigated for decades as
high-efficiency thermoelectric candidates [44, 45]. Mg,X compounds crystallize in
the cubic anti-fluorite structure (space group of Fm3m #225) phase with X in face-
centered cubic position and Mg in tetrahedral sites with three atoms per primitive unit
cell in that one X atom is located at (0 0 0) and 2 Mg atoms are located at 2(0.25,
0.25, 0.25) and a(0.75, 0.75, 0.75). The crystal structure model of Mg,X and schematic
illustration of the band structures of Mg,X around I' and X points are shown in
Figure 5a and b, respectively.
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[ S —

Figure 5.
(a) Crystal structure model of Mg,X (X = Si, Ge, Sn), and (b) schematic illustration of Mg,X around I and X points.

Properties/Parameters Mg,Si Mg,Ge Mg,Sn
a (4) 6.338 6.385 6.765
Eg (eV) at 0 K 0.77 0.74 0.35
AE (eV) at 0 K 0.4 0.58 0.16
Melting point (K) 1375 1388 1051
Y 132 1.38 1.27
Kpn (WmK™) 7.9 6.6 59
Table 1.

List of electronic (lattice parameters, band gaps, and energy offsets), physical (melting points), and phononic properties
(Griineissen parameter, and phonon thermal conductivity) of Mg,X (X = Si, Ge, Sn) binary alloys [46-48].

In addition to that, in Table 1, electronic and physical properties are listed for
Mg,X-based binary alloys.

The overview of the highest reported ZT values for Mg-based thermoelectric
materials (in the form of binary, ternary, and quaternary n- and p-type doped) is
illustrated in Figure 6.
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Figure 6.
State-of-the-art ZT values for Mg-based thermoelectric materials from different works in the literature [49-63].
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As stated above combining the advantages of using low-dimensionalization and Mg-
based thermoelectric materials can lead to highly efficient thermoelectric applications.
Despite this, in the literature, there have been very limited theoretical investigations of
low-dimensional effects on thermoelectric transport properties of Mg-based materials in
detail. Therefore, in this book chapter, unlike the related literature, a comprehensive
explanation of the temperature-varied Fermi levels (both at extrinsic and intrinsic
regimes) will first be presented for bulk and low-dimensional Mg-based materials.
Then, by following the linearized Boltzmann transport equations temperature depen-
dence of electronic transport properties (Seebeck coefficient, electrical conductivity,
and carrier thermal conductivity) of bulk and low-dimensional Mg-based materials
under the energy-dependent relaxation time approximation will be defined. Also, by
employing Debye’s isotropic continuum model within the single mode relaxation time
approximation including various phonon relaxation rates contributed by different scat-
tering mechanisms the lattice thermal contribution will be explained meticulously. By
presenting a detailed theoretical background of the dimensionality effect on thermo-
electric efficiency and highlighting the temperature dependencies of transport proper-
ties of low-dimensional systems we shed light on the challenges and perspectives for
promoting the development of future Mg-based thermoelectric applications.

2. Thermoelectric transport properties of bulk and low-dimensional
systems

The theory of transport properties in thermoelectric materials deals with the tem-
perature dependence of electrical and thermal transport properties. Here, we intro-
duce the theoretical background of thermoelectric transport properties in bulk and
low-dimensional systems, respectively.

As stated in the above section, the dimensionless figure of merit includes three
interdependent transport properties of S, 6, and ka1 and which impedes the maxi-
mization of ZT in bulk systems. To avoid this problem, in 1993, Hicks and Dresselhaus
examined the effects of using low-dimensional structures on the ZT with the assump-
tion of parabolic bands and constant relaxation time in a one-band material [29]. To
summarize Hicks and Dresselhaus’ approach and describe the effects of dimensiona-
lization as a bird’s eye view, by defining a dimensional factor N (N = 1, 2, and 3 for 1
dimensional (1D), 2 dimensional (2D), and 3 dimensional (3D) systems, respectively)
the dimensionality dependence of ZT can be written for the case of conduction along
the x direction as [29, 64],

N Fnp px 2
20T — 5 (SNFN/HC ) Fn-a

(1)

F2

1 N-+4 N2
5+ (5 Fnj2a — By P

. . . 2 2
where {* is the reduced chemical potential, Sy = ¥=80H g — 34 and the

Fermi-Dirac function F; is given by F;({*) = [ %. The material property
dependent parameter By is expressed as,

)

ke T> N2 2Ty,

By =N <hz

EKPh
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where kg is the Boltzmann constant and 7% is the reduced Planck’s constant,
V1= (my)"/* for 1D systems, y,_ 5 (m,m,) Y2 for 2D systems, and

V3= 317 (mxmymz)l/ 2 for 3D systems, respectlvely. Here m,, My, and m, are the effective
mass components for the x, y, and z directions, p, is the mobility in the x direction,
and a is the width of a 2D quantum well or 1D nanowire. From these equations, we can
conclude that ZT depends on {* and By parameters. For bulk materials, ZT can be
improved by optimizing {* with suitable doping and By with reducing «p, and/or
increasing y,.. From the above equations, it is seen that in low-dimensional systems,
ZT can be enhanced by adjusting the width/thickness of wells and wires, respectively.
Decreasing the width/thickness of the quantum well or nanowire gives rise to bound-
ary scattering mechanisms which lead to a dramatic reduction in phonon thermal
conductivity. In Figure 7, the quantum well thickness and quantum wire diameter
dependences of ZT are represented for quantum wells and wires of Bi,Te; fabricated
along the x, y, and z directions [64].

After emphasizing the importance of using low-dimensional materials briefly, we
can now move on to examine the detailed transport properties of thermoelectric
materials both in bulk and low-dimensional structures to understand the detailed
physical background behind these temperature-dependent transport properties and
carrier scattering mechanisms. Based on the semiclassical model we follow the
Boltzmann transport equation approach to investigate the thermoelectric transport
phenomena quantitatively and explain how the temperature variations of carriers and
phonons. All the electronic transport properties of thermoelectric materials are
dependent on temperature-varied Fermi levels (Ef) in extrinsic and intrinsic regimes.
Therefore, simpler schemes leading to expressions for the Fermi level in bulk semi-
conductors have been given in the book by McKelvey [65],

EF™(n — type) = 3 (E. + Eq) + 50 In V0 kyTsinh | [ 0% exp (- AE")

2 2U, 8Ny 2kgT
(3)
1 ksT L U AE; \ |
ES(p — type) = = (E, + E —In No _ pyTsinh 2 -
(p — type) 2( .+ Ey) + KU, ke sin aN, exp ST
(4)
(a) T T T T T T T T (DJ 16 T T T T T T T T T

d , (nm) :.i uum

Figure 7.

Enhanced ZT values as a function of (a) the quantum well thickness, and (b) the quantum wire diameter. Here
quantum wells arve fabricated in the x-y plane and the x-z plane while quantum wires ave fabricated along the x,
y, and z divections (data are read from Ref. [64]).
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where E, is the conduction band edge, E, is the valence band edge, E, is the
donor energy level, and E, is the acceptor energy level, AE; is given as (E, — E;) for
the donor ionization and expressed as (E, — E,) for the acceptor ionization energies.

Also, Njyand N, are the concentrations of donor impurity and acceptor impurity

atoms, respectively. U, andU, parameters are given as U, = 2((m, ksT)/ (2ﬂh2))3/ 2

3/2
and U, = 2((7}1; kBT> / (Zﬂh2)> where m,; is for the electron mass and m,; is for

the hole mass. At high enough temperatures donors at the E; or acceptors at the E,
levels become ionized and the material turns out to be an intrinsic semiconductor.
The temperature dependence of EF for both types of doped semiconductors is
expressed as [65],

. 1 3 m)
Ept (n —andp — types) ~(E,+E.)+ —kBTln( b4 > (5)
2 4 m,;

The temperature dependence of the Fermi level for semiconductors can be sum-
marized as; in n-type doped semiconductors, the E is in the middle of the E; and E, at
0 K, and when the temperature rises the Ep first rises slowly and then decreases
through the E; and reaches the center of the gap; similarly, in p-type doped semi-
conductors the Er is in the middle of the E, and E, at 0 K and when the temperature
rises the Er first goes down slightly and then increases through the E,. For both types
of doped semiconductors when the donor/acceptor levels are almost completely
ionized the Er approaches to Ei*. Moreover, the energy dispersion function at the

Brillouin zone center is determined as

2 27,2 2
hk2 N hk, N Wk’

* * ES
2m.} Zmy 2m}

E ks, by, kz) = (6)

where k,, k,, and k are the propagation vector component along thex,y, and z
axes, respectively. The effective mass tensor components of the constant energy

surfaces are denoted as m}, my* ,andm; .

In this book chapter, we consider low-dimensional systems as 2D quantum wells
and 1D quantum wires and present the theoretical modeling of the temperature
dependence of thermoelectric transport properties in these systems. First, in 2D
quantum well systems, we assume that the system has B/A/B layers of material A (asa
well material with nA atomic layers of thickness a each and total thickness d4) and
material B (as a barrier with nB atomic layers of thickness b each and total thickness
dp) also band gap differences materials A and B to confine the current carriers to the
well material and system is grown in the z-direction. The electronic dispersion in the
z-direction is given as,

272
Wkl hk,
2m;} Zmy

E (ks ky) = +E, )

where the quantum confinement term E; in the jth quantum sublevel is expressed as

Wn?
j = )
2mrdy

(8)
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Assuming the carrier concentration does not change whereas the well thickness
varies and up to jth quantum sub-level is occupied by carriers the temperature varia-
tion of Er for 2D quantum wells can be defined as

7™ (2Dawn) = 7 (3Daune) ~ B ©

in both extrinsic and intrinsic regimes [66]. Moreover, the energy band gap of this
2D system is given as

E,(2Dqw) = E,(3D )+h2”2 t 1 (10)
WL) = BULK) +—— | —
g Q g 2d§1 mz*’e m;’h

where E, (3Dpyrk) = E. — E, and m, and m), are electrons and holes effective
masses in the growth direction, respectively.

In 1D quantum wire systems, we assume that carrier confinement in the y and 2
directions and free-electron-like motion in the x direction also « is the width of the
wire considered to have a square cross-section. The electronic dispersion relation for
the 1D system is given as,

e
- 2m}

E(ks)

+ Eij, (11)

where the quantum confinement terms E;; in the ith and jth quantum sublevel are
expressed as

B W n Wt
R i ,
Y 2m,; i 2my di]

(12)

with the width of the wire d4 assumed to have a square cross-section. Similar to 2D
quantum wells, for 1D quantum wire systems the temperature dependence of Er can
be written as

E}fxt/int (1DQWR) _ E;Xt/int(?’DBULK) B Ei,j (13)
both in extrinsic and intrinsic regimes. Additionally, the band gap of 1D systems is
given as

o2 1 1 w2 1 1
E,(1Dqwr) = E,;(3DguLk) <— + —*> +——+—) (14)

_|_ -
2 % 2 %
2dA my,e my,h 2ﬂlA Mz 25h

As shown in Figure 8, the carrier energy dependence of the density of states
(DOS) per unit volume for a single bad with the subband in bulk, quantum well, and
quantum wire systems by assuming transport is along the direction of the x-axis.
Compared to the 3D system g(E) enhances at Eq owing to the rise of carriers both with
confinement effect in 2D and 1D systems.

The theoretical expressions of electronic transport properties for thermoelectric
materials (namely the Seebeck coefficient, electrical conductivity, and electronic
thermal conductivity) are explained by following the Boltzmann transport equation.
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Figure 8.
The electronic density of states for 3D, 2D, and 1D systems in relation to carrier energy (Eq corresponds to the
energy at the bottom of the conduction band).

Presenting the theoretical background of each transport coefficient can help to
understand the physical origin of these properties in relation to temperature and
carrier concentration for bulk, quantum well, and quantum wire systems.

Assuming an isotropic solid within the nearly free electron/hole model under the
consideration of an electric field and a temperature gradient is applied the thermo-
electric transport properties can be determined by solving the linearized Boltzmann
equation. Here, considering both heat and electricity currents flow in the x-direction,
the electric current density i, and the rate of flow of heat per unit cross-sectional area
(carried by carriers) w, are given [65-70].

I = —J evyf (E (15)
Wy = Jo vy (E — Ef)f (E)g(E)dE (16)

where —e is the electronic charge, v, is the velocity of charge carriers in thex
direction for an isotropic conductor, f (E) is the Fermi distribution function, g(E) is the
density of state function, and E — Ef represents the total energy transported by a
carrier. At equilibrium, carrier distribution follows the Fermi Dirac statistics through

-1
fo(E) = {exp (E Ef) + 1} where E is the Fermi energy. The above equations can be

re-written by replacing f with f — f, (since there is no transport i, = wy = 0 when

f=fo)as

o o, aEf E—E oT
iy = +JO evlrg(E) =2 E = dE (17)
E qf OE; E—Ey oT
o 5f Yo |95 f 01
wx ==+ ; iy +J vag( )t E [ + T ax]clE. (18)
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Here, the assumptions are 7, = = ":”X

335* . By taking the condition i, = 0 as the Seebeck coefficient is written

with y, is the carrier mobility in the x-direc-

tion and vfc =

AV e 10Ef /0x

S= AT VT e T/ ox (19)
where the electric field £, is given as &, = +1 (fc and S is expressed as
1 —E *
S= i; U v rg(E) Qfo de/J virxg(E)%dE] (20)
0

here + sign and — sign represent p- and n-type semiconductors, respectively. The
electrical conductivity expression in the extrinsic regime can be defined by setting the
temperature gradient as 0T /dx = 0 and expressed as
et = % = —J 2 g(B) L04E (1)
0 OE

Ex

Additionally, in the intrinsic regime, the electrical conductivity of semiconductors
is given by

Oint = elN; (ﬂn + l‘p) — Ag Ee/%sT 22)

where N; is the equilibrium carrier density, A is a temperature-independent
adjustable parameter, y, and u,, is the electron and hole mobility, respectively. Lastly,
the total thermal conductivity is the sum of three contributions from carriers (elec-
trons or holes), bipolar (electron-hole pairs), and phonons. The electronic thermal
conductivity is related to the electrical conductivity by the Wiedemann-Franz law as
k. = LoT where L is the Lorenz number namely a relatively complex transport
parameter. The carrier thermal conductivity comes from monopolar carriers (elec-
trons or holes), is determined under the condition of i, = 0, and is given as [71].

w7, o (%Fs/ox E—E
= T o L”ng(E) (aT/ax+ T )% (23)

By determining these integrals we can now write expressions for the temperature
dependence of electronic transport properties of 3D, 2D, and 1D systems. As the
dimension of a system changes the above integrals need to be varied by the electronic
density of states. In Table 2, the expressions for temperature-varied electronic trans-
port properties are listed for bulk, quantum well, and wire systems.

In Figure 9a-d, the electronic transport properties of bulk and quantum wire
structures (with wire widths taken as dy = 6,7,and 8 nm) of
Mg3,yCoy(Sbo 3Bio 7)1.99Teo.01 (y = 0.05) are presented in the temperature ranges
between 300 and 850 K. Additionally the experimental measurements of the temper-
ature dependence of See beck coefficient and electrical conductivity results for bulk
system reported by Ref. [72] are included to compare our theoretical results with
experiments. As seen from the Fermi level results in Figure 9a, both bulk and quan-
tum wire systems show extrinsic and intrinsic regimes in the whole temperature
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Figure 9.

The electronic transpovt properties of bulk Mg; ,_Coy(Sbo 3Bio ;) 1.99T€0.01 (¥ = 0.05) and its quantum wire
structure with the wire widths of dy = 6 nm, 7 nm, and 8 nm. The temperature variation of (a) Fermi level, (b)
Seebeck coefficient, (c) electrical conductivity, and (d) power factor. Dashed lines are theoretical calculations and
the star symbol is the experimental measurements vead from ref. [72].

range. While the critical extrinsic-to-intrinsic turnover temperature is around 500 K
for bulk sample, the temperature shifts to around 600 K for nanowire systems.

In Figure 9b, the temperature variations of Seebeck coefficients are illustrated

for both 3D and 1D systems. From these results, it is clearly seen that by decreasing
the quantum wire width the maximum value of |S| can be improved from 241.1
(uV/K) at 510 K upto 276.2 (uV/K) at 593 K by using d4 = 6 nm quantum wire
instead of bulk structure. The temperature dependence of electrical conductivity for
all systems is seen in Figure 9c. From theoretical calculations, it is seen that a
dramatic enhancement can be gained in electrical conductivity by choosing low-
dimensional systems. The maximum value of ¢ at 600 K is found to be 3.4x10* S/m
for bulk sample whereas it is found as 14.2x10* S/m for d4 = 6 nm quantum wire
sample. Lastly, the temperature variation of the thermoelectric power factor for all
samples is shown in Figure 9d and the highest PF values are 18.5 yWem 'K 2 at
550 K for the bulk sample and 130.1 xWem K2 at 590 K for d4 = 6 nm quantum
wire sample.

In Figure 10a and b, the temperature dependence of electronic thermal conduc-
tivity of bulk and quantum wire structures (with different quantum wire widths taken
asdy = 6,7,and 8 nm) of Mgs,_Coy(Sbo 3Bio.7)1.99Teo.01 (y = 0.05) samples are
represented in the temperature range of 300-850 K. From our theoretical calculations
at room temperature it is found that while the minimum value of «. is 0.051
Wm ™" K™’ for bulk sample, a dramatic decrease is gained for quantum wire samples
with the minimum value of k, is 2.1 x 10> Wm K ?ford, = 6 nm sample. As seen
from these temperature-varied electronic properties calculations, choosing low
dimensional structured thermoelectric materials rather than bulk leads to enhanced
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Figure 10.

Temperature variation of the electronic thermal conductivity of (a) bulk Mg, ,_,Coy(Sbo 3Bis.;) 1.99T€0.01
(y = 0.05) and (b) its quantum wire structure with the wire widths of da = 6, 7, and 8 nm. Dashed lines are
theovetical calculations and the star symbol is the experimental measurements done by Ref. [72].

thermoelectric power factor values which will help to get a more efficient thermo-
electric material with a higher thermoelectric figure of merit.

The bipolar diffusion process is determined as at sufficiently high temperatures
electron-hole pairs occur by excitation across the forbidden gap hence a continuous
stream of charges flows in the direction of temperature gradient. High-efficiency
thermoelectric materials are heavily doped narrow-band gap semiconductors andxy,,
plays a crucial role above room temperature in these small-band-gap thermoelectrics.
In the assumption of an idealized semiconductor, has parabolic valence and conduc-
tion bands in that carriers only undergo acoustic mode lattice scattering, thexy,, is
defined by Glassbrenner and Slack

b [E *[kg]?
Kbp —m |:]€B—T+4:| |:?:| GmtT (24)

here the ratio of electron to hole mobility is determined with the parameter b. This
expression is simplified by Yelgel and Srivastava [65].

Kbp = Fprp exp(—Eg/ZkBT) (25)

where Fi,;, and p are adjustable parameters vary with doping level and dopant type.
When a material’s dimension is changed to low dimensional structures in the expres-
sion of ky, the band gap property should be updated.

The most dominant contribution on the total thermal conductivity is sourced from
lattice vibrations namely the phonon thermal conductivity «pp, in degenerately doped
and small-band-gap semiconductors. In thermal equilibrium condition, the average
number of phonons in the gth mode and at temperature T is defined by the Bose-

W where w(q) is the angular

frequency of phonons, g is phonons wae vector, and 7, is the average number of
phonons in the gth mode. At low temperatures (4w > kgT), there is an exponentially
small probability for a phonon to be present with 7 ~ exp(—%w/kgT). Besides, as the
temperature rises and reaches the high temperatures (kgT > hw), the number of
phonons increases linearly with temperature as 7 ~ kgT /hw. Following the linearized
phonon Boltzmann equation, the phonon contribution can be expressed by employing
Debye’s isotropic continuum model within the single-mode relaxation time approxi-
mation as [73].

Einstein distribution function given as ng =
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hzqu 4 ! 4
:7§c X TaTgs (g + 1)dx 26
Kph 6722kp T2 & sJO Tq q( 4 ) (26)

where 7 is the phonon relaxation time, c; is the velocity of phonons for polarization
branch s,q, is the Debye radius, and x = q/qp, is the reduced wave number. Within
the Matthiessen’s rule, the total contribution to the phonon lifetime is given by

1;&1 =2 T;;i 27)

with T(;Sll- represents contributions from the ith scattering mechanism. Different

scattering rates considered for Mg-based bulk and low-dimensional structured ther-
moelectric materials can be written as

-1 _ 1 -1 -1 -1 ~1(; ~1;
7, (total) = 7,7 (bs) + 7, (md) + 7, (dp) + 7, (anh) + 7, (ims) + 7, (ids) (28)

where scattering mechanisms are sourced from boundary rq’sl (bs), mass-defect-

7,/ (md), deformation potential 7,;'(dp), anharmonic 7' (anh), interface-mass-mixing

Tgsl(ims), and interface-dislocation T;Xl (ids). Theoretical expressions for these phonon
scattering mechanisms in bulk, quantum well, and quantum wire structured materials
are listed in Table 3.

The temperature dependence of thermoelectric figure of merit for bulk
Mg3.,_yCoy(Sbo 3Big7)1.99Te0.01 (y = 0.05) and its quantum wire structure with the
wire widths of da = 6, 7, and 8 nm is represented in Figure 11 with the experimental
measurements reported by Ref. [72] for bulk Mgz, ;Coy(Sbo 3Bio7)1.99T€0.01
(y = 0.05) sample. As seen from our theoretical results, our thermoelectric transport
modeling can successfully explain the experimental measurement of ZT; while for the
bulk sample the maximum value of ZT is theoretically found to be 1.07 at 550 K, its
experimental measured value reported as 0.96 at 575 K by Ref. [72]. Additionally,
using low dimensional quantum wires structure of Mgz ,_,Coy(Sbo 3Bio7)1.99T€0.01
(y = 0.05) with different wire widths, the highest value of ZT at 600 K can be reached
to 5.5, 3.7, and 2.7 for dy = 6 nm, ds = 7 nm, and da = 8 nm, respectively. Therefore
low structured thermoelectric materials warrant dramatically enhanced thermoelec-
tric efficiency compared to bulk materials.

In Figure 12, for the comparison the temperature-varied dimensionless figure of
merits of n- and p-type Zn,Sb; and Bi,Te; nanowire-based thermoelectric materials,
the state-of-the-art bulk and layered structured Sn(Se,S) and Mg-based thermoelec-
tric materials and our theoretical Mg-based quantum wire systems are presented
together.

2.1 Summary and future perspectives

Thermoelectric materials are very useful in various types of applications owing to
their advantages as already discussed above. One of the current goals in thermoelec-
tric research area is to find new and innovative thermoelectric material systems.
During the last decades, a significant advancement in both theoretical and experi-
mental studies has been achieved in the progress of high-efficient thermoelectric
materials. Especially, recent advances in nanotechnology have brought with
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Scattering Expression

mechanism

Boundary 1;51(bs) =¢,/L; (L: phonon mean free path)

scattering

Mass defect Tmaf2 AM;\ 2

scattering 7, (md) = e *(qs); Tma = 2f; (ﬁ) (¢: average phonon speed; f;: the

percentage of ith isotope present in the crystal; AM; = M; — M; M = f;M;)

Deformation . 3 E% . 3 . . .
potential 7,(dp) = Wﬁpclzh < (2m kT )" (Eq¢: deformation potential; p: mass density; ¢;:
scattering longitudinal acoustic phonon velocity; m : effective mass of a charge carrier)
Anharmonic qDV
scattering (anh BULK) = ;CSCS,
o (@ +1 »
de x’zx’fr[l —e+¢e(Cx +Dx )]nq_(ni*Jr) Jd 'x’x" [1 — €+ e(Cx — Dx')| ~L— ILE
(7igs +1) Tigs
(7: Griineisen constant; x' = q'/qp; x". = Cx £ Dx'; 7 = n(x’i), C=c¢/cy;D =cy/cyr)
L(anh, QWL) = 7 (anh, BULK) (24 + n5)**
(n 4: number of well layers; 73: number of barrier layers)
T;Sl(anh, QWR) = 1/A(T)w?
wp
kg hw kT 2ha/ksT
A(T)=22 BULI(J( ZkT) 7—d
TCKLE ] (e w/kpT _ 1)
Interface 1y Iy 4
ds, QWL) =
dislocation 7 (ids, QWL) 8nc3 0
scattering 25, I —Io|\ [AM;\? 6124 e} 2
Tgs = —ER) (2 |1 14 (&
ds nA+nBZeXP P o + B +1+ 531
(Bo: the fraction of broken bonds in the interface region.)
Interface Iims2 4
‘WL
mass-mixing i ' (ims, QWL) = 4 (g )
scattering 28, L —lo|\ [AM;\? A\’ 2\’
Fims = _i T or) (225 _ _%
S A +nBzi:exp< d M el + e
(d: interlayer distance; /;: layer distance from interface; lo:z coordinate of the interface;
Po: mass-mixing fraction at the interface; eg/ea the ratio of the amplitudes of
eigenvectors in materials B and A.)
1 1
o [I\To —A (1\—4>] cos(l,q,)
ea 2 2 1/2
1 1 1
— 2 Al =] sin? -Al=
{ <M0> cos?(Lq,) + [ <M>} sin (lzqz)} <M>
1 1/1 1 1 1/ 1 1
- — hAal=)=Z(———);L, =
M, 2 (MA +MB>’ (M) 2 (MA MB>’Z da +dp
Table 3.

Expressions for different phonon scattering mechanisms [65, 73-76].

promising methods that cause fundamental mechanisms to get enhanced thermoelec-
tric efficiencies. In particular, low dimensional quantum well and quantum wire
systems are niche applications in electronics as micro- and nano-generators due to a
lower energy requirements. Although a tremendous progress has been achieved in the
past few years, a number of fundamental questions about theoretical background on
thermoelectric transport properties in low-dimensional systems still need to be
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Figure 11.

Temperature dependence of thermoelectric figure of merit ZT for bulk Mg; ,_,Coy(Sbo 3Bis ;) 1.09T€0.01

(y = 0.05) and its quantum wire structure with the wire widths of da = 6, 7, and 8 nm. Dashed lines ave our
theoretical calculations and the symbols ave the experimental measurements done by Refs. [72, 77-80].
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Figure 12.

Comparison of the dimensionless figure of merit for Mg-based nanowire structured thermoelectric materials reported
in this work with n- and p-type Zn ,Sb; and Bi, Te; nanowire-based thermoelectric materials [81-85], and the state
of the art bulk and layered structuved Sn(Se,S) and Mg-based thermoelectric materials [25, 47, 86-90] in the
literature.

investigated. Therefore, in this book chapter, we aim to explore the temperature
variation of the thermoelectric transport properties of bulk and low dimensional
materials systematically. We first start our theoretical investigation with the
temperature-dependent Fermi level both in extrinsic and intrinsic regimes. Following
the linearized Boltzmann transport equations the temperature variant electronic
transport properties under the energy-dependent relaxation time approximation are
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discussed for bulk and low dimensional systems. The thermal conductivity contribu-
tions from bipolar and phonon mechanisms are also discussed in detail. Phonon
scattering rates sourced from boundaries, mass defects, anharmonicity, deformation
potential, interface mass-mixing, and dislocation are given rigorously.

Among thermoelectric materials Mg-based thermoelectric materials have attracted
intense interests owing to their enhanced ZT values at low-to-medium temperature
range, together with the non-toxic, low-cost, earth abundant, low-density, and envi-
ronmentally friendly. Here some major outlooks are listed:

i. Mg-based compounds show highly degenerated conduction bands and can be
alloyed and/or doped to form a wide range of compositions, providing
enhanced ZT values.

ii. Thermoelectric devices, applied for both power generation and refrigeration,
have been successfully fabricated using Mg-based materials and can obtain
high conversion efficiency.

iii. Low-dimensional Mg-based systems (quantum wells and quantum wires)
suggest even more enhanced ZT values than bulk systems with the help of
quantum confinement effect.

iv. As stated above, the main reason having higher ZT values in low-dimensional
systems is having extremely low phonon thermal conductivity and high
thermoelectric power factor at the same time.

v. Since there are more intensely experimental studies in Mg-based
thermoelectric materials in the literature it is essential to imply further
theoretical investigations on Mg-based thermoelectric devices. Therefore, this
chapter will be a possible guide to focus on thermoelectric transport
properties of Mg-based bulk and low-dimensional systems.

Investigations on thermoelectric transport properties both in bulk and low-
dimensional materials are becoming more prominent for solving today’s energy chal-
lenges. Collabrations from scientists among different areas such as materials science,
physics, and chemistry will have clear advantages in this global competition owing to
interdisciplinary nature of thermoelectric research. In the light of these outlooks, devel-
oping Mg-based thermoelectric devices are well worthy of systematic study which
should speed up their practical applications for energy harvesting. Hereby, the present
book chapter comprises an overview of fundamental attainments and breakthroughs in
experimental and theoretical thermoelectric research based on Mg-based materials. By
presenting a detailed theoretical background on Mg-based 3D, 2D, and 1D systems it is
clear that using low-dimensional systems certainly helps us to reach higher thermoelec-
tric efficiencies. This also encourages experimentalists to use low dimensional struc-
tured Mg-based systems more often in new-generation thermoelectric devices.
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Chapter 4

Dissolvable Magnesium Alloys in
Oil and Gas Industry

Lei Zhao, Timothy Ryan Dunne, Jiaxiang Ren and Peng Cheng

Abstract

Invented and continuously optimized during two decades of the shale revolution
that completely transformed the global energy market, dissolvable magnesium (DM)
alloy technology has advanced significantly in both performance improvement and
cost reduction, and thousands of tons of Mg alloy are consumed annually by oil and
gas industry to fabricate downhole tools, including dissolvable hydraulic frac plugs. In
this book chapter, every aspect of this technology will be reviewed, including history,
development routes, manufacturing process, dissolving mechanism and control,
failure analysis and prevention, influence of environments, delayed coating, field
experience, etc., and outlook will be provided at the end for future development.

Keywords: dissolvable magnesium, temporary coating, frac plug, hydraulic
fracturing, high-temperature magnesium alloy

1. Introduction

The world’s first oil well was drilled in Titusville, Pennsylvania by Edwin Drake in
1859, producing a mere 40 barrels a day [1]. Drake’s success inspired the continued
exploration of oil in the United States as well as globally. A period from the 1930s to
the 1960s led to the discovery of many of the world’s largest oilfields. However, from
2000 to 2022, no discovered oilfield has exceeded the proven reserves of any existing
top 20 giant conventional oilfields [2]. The International Energy Agency (IEA) shows
all conventional global oil production plateaued around 2005. Despite the global
decline from conventional oilfields, global supply has increased and actually
outstripped increased demand in the past 20 years [3].

Aside from advancements in enhanced oil recovery (EOR) methods increasing
production, unconventional resources became a major source of global oil supply
in the past two decades. Previously disregarded unconventional shale oilfields with
permeabilities magnitudes less than conventional oilfields became economical by
hydraulically fracturing horizontal wells [4]. Drilling through oil-bearing shale layers
increases the reservoir exposure to the wellbore. Hydraulic fracturing involves an
array of reciprocating positive displacement pumps over-pressuring the reservoir in
the vicinity of the wellbore to create new fractures or open existing ones. Sand is
pumped into the resultant fractures to create high permeability pathways in shale.
Shale has permeabilities orders of magnitude less than conventional formations [5].
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Permeability is a controlling factor on how much fluid may be produced from the
reservoir; a higher permeability leads to higher production. The fracturing operation
is repeated along the wellbore in targeted zones, increasing the overall production of
the well, thus creating economically viable wells from previously marginal formations.
During fracturing, zones are isolated from one another by a plug, which is conveyed
downhole and allows the over-pressuring [6].

The first plugs were made of cast iron that needed coiled tubing to drill through
after fracturing to reestablish communication downhole and start production at the
wellhead. Composite plugs supplanted cast iron plugs as composite mills quicker than
iron [7]. A major advancement was made during the past decade in the creation of
dissolvable frac plugs, which react in situ, thus eliminating the need for coiled tubing.
Eliminating coiled tubing also allows for zonally isolating longer horizontal sections
that would otherwise be impossible to mill [8]. This technology has reshaped the
market landscape of shale oil/gas development, and its success is the result of
invention of advanced dissolvable magnesium alloy (Figure 1).

Development and application of dissolvable Mg alloy is a relatively new technology
in oil and gas business. It was invented by US service companies and optimized
worldwide by research institutions and alloy companies to improve property and
reduce cost. The first mainstream application reported is a dissolvable ball, developed
by Baker Hughes in 2010 to activate downhole equipment [9]. Before that, this ball
must be milled out or flow back to start well production, and the application of this
self-disappearing technology saves operators significant amount of lead time and thus
operation cost. In the early stage, expensive powder metallurgy (PM) method is used
to form the perfect galvanic cell structure. In a typical manufacturing process, high
chemical potential metals, such as Ni, Fe, etc., are coated on the Mg alloy powder
surface and then sintered together through an industrial hot isostatic pressing (HIP)
process. Since Mg alloys are soft, certain enhancement phases are added to improve
mechanical strength. As shown in Figure 2, Mg and Ni alloy phase form nearly perfect
galvanic cell structures. Its physical properties and dissolving speed can be systemat-
ically tuned. This technology achieved significant commercial success, and lots of
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Figure 1.
Schematic of a hydraulically fractured hovizontal well [9].
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Figure 2.

SEM micrograph of DM material made by powder metallurgy method (left image, [10]). The inset shows a cross-
section view of as coated matrix powders before compaction. SEM-EDS image of DM alloy developed by
Halliburton (vight image, [11]).

companies followed with their own formulations and process method. Given its suc-
cess, this method still suffers from following issues:

1.High cost: This technology requires atomization of Mg alloys, advanced coating
method, and HIP process, all of which are not cost-efficient for oil and gas
business where product is a commodity.

2.Low ductility: DM made from PM method usually have low elongation (typically
<3%), which is not an issue for ball shape product that does not requires plastic
deformation but is not applicable for other parts of plug that requires much
higher ductility (Figure 3).

With the frame of powder metallurgy, another low-cost processing method was
used to reduce the cost. For example, powder mixing method is used to replace
chemical vapor deposition (CVD) coating, cold compaction followed by hot extrusion
is used to replace expensive HIP process, etc. Product price of DM alloy quickly drops
thanks to the consolidation and severe competition between oil and gas service pro-
viders. However, these alloys can still not be used by other mechanical parts that
require reasonable amount of ductility until a cheap casting method was introduced
into market by Halliburton. Their work shows that DM alloy can be made by tradi-
tional direct casting and post-heat treatment. The galvanic cell is formed by controlled
phase segregation of high chemical potential metals at Mg alloy grain boundaries
(Figure 2). Therefore, atomized metal powder is no longer needed, and cost of DM
alloy is close to other commercial-grade Mg alloys. Most importantly, reasonable
ductility is finalized and achieved, and all dissolvable plugs (Figure 4) are introduced
by various oil and gas providers including Baker Hughes, Halliburton, NOV, etc.

Like most commercial Mg alloys, DM alloy also suffers from strength loss when
temperature is above 120°C and cannot be used for high-temperature wells that could
reach 220°C. Therefore, various kinds of a rare-earth elements were further
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Figure 3.

Labeled plug before actuation (top) and actuated (bottom).
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Figure 4.

Comparison of characteristics of similar dissolvable frac plugs [12].

introduced from thermally stable precipitates. Certain rare metals have been found to
increase elongation of DM alloy to almost 30%, making metal-to-metal seal application
possible. To answer oil price downturn from since, manufacturing of DM alloy started
to move to China, where rare-earth resource is abundant and Mg production is dom-
inated. DM alloy is no longer an expensive high-end material but a commodity acces-
sible for all oil and gas service providers around the world to develop various kinds of
applications besides hydraulic fracturing plugs.

2. Dissolvable magnesium design, processing, and mechanism
2.1 Dissolvable frac plug

Dissolvable plugs are composed of one or more materials that react when in the
wellbore. The current generation of polymers used in plugs, mostly polyglycolic acid
(PGA), are limited from 80 to 130°C. Magnesium is the typical choice for metallic
plug components in windows of 40 to 175°C. Operators generally require plug func-
tionality for eight hours, with complete dissolution occurring within 15 days [12]. The
general operating principles of a frac plug are to convey it from the surface to the
targeted zone, actuate it to set in the casing, and achieve a tight seal that is to be held
for one to 24 hours, after which it is left to dissolve so that production may start.
Pressure is built by conveying a ball down to the plug, where it will seat, blocking the
inner diameter that is the final possible path of communication between the surface
and the area below the plug.

Generally, a plug will have an angled recess at the top of the plug, which operates
as the ball seat. Many designs integrate the ball seat into the mandrel, a hollow tube
that the other components are assembled on. The setting tool is connected to the plug
through this component. The setting tool supplies the force that pushes the parts
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together on the mandrel, increasing the plug diameter due to a ramp design that forces
the slips and elements into contact with the casing (Figure 3). The slips have small
hard teeth that penetrate the casing, anchoring the plug to the casing. Petal designs of
slips can come in an upper and lower pair. Other designs may utilize a barrel slip
design. The element is typically made of dissolvable rubber, although some plugs
utilize a metal-to-metal seal design (Figure 3). The element seals the outer diameter
between the casing and the plug. A bottom cap is used to secure all components on the
assembly during deployment.

Requirements for the plug material vary widely depending on the operator, design,
temperature, fluid, and individual component requirements. At a given temperature
on a plug, one component may require high ductility whereas another requires high
strength. The same plug design functioning at 95°C may be inadequate at 175°C due to
deteriorated mechanical properties or accelerated corrosion of the base alloy. Mate-
rials with a wide array of properties must be available to match the varying wellbore
conditions. The rate of development for new formulations can be outstripped by
delivery dates for product. That is why each oil service providers have their own
material grades or plug designs to meet requirements of specific well conditions or
markets (Figure 4).

2.2 Dissolution mechanism and dissolving dynamics
2.2.1 Galvanic cell structure

Dissolvable magnesium alloys rely on intercellular galvanic corrosion induced by
noble impurities in chloride-bearing wellbore fluids. The dissolution rate is controlled
by the type and fraction of secondary phases in the matrix. Beyond determining
mechanical properties, the secondary phases are more cathodic than the magnesium
matrix, causing hydrogen gas and magnesium ions to form as a byproduct of the
reaction [13]. The reaction proceeds as follows, typically in a brine solution:

Mg + 2H,0 — Mg(OH), + H, (gas) + heat (1)

Figure 5 shows galvanic series of various metals and alloys, which determines their
nobility. When two metals are submerged in an electrolyte, while also electrically
connected by some external conductor, the less noble (base) will experience galvanic
corrosion. Magnesium is the least noble structural metal and can form a galvanic cell
with almost any of the metals/alloys in the series. Therefore, it is possible to mix it
with noble metals to form dissolvable alloys based on galvanic corrosion. It is reported
that Fe powder [15] or Ni powder [16] can be mixed during melting and casting
process to make dissolvable alloys for oil and gas industry. Also, a powder-metallurgy-
like structure including a relatively reactive metal or alloy can be combined with other
compositions to develop galvanic couples [17]. Additions of copper and/or nickel to
magnesium will create a meaningful accelerated corrosion rate that may be tuned to
the application temperature and salinity. For example, a composition can include an
alloy of magnesium or aluminum that is combined with one or more of Cu, Fe, and Ni,
among a few transition-metal elements to develop galvanic couples. Copper and nickel
form high electropotential intermetallic compounds along the grain boundaries of the
magnesium matrix phase. These noble intermetallic act as an archipelago of cathodes,
accelerating the corrosion of the magnesium alloy.
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Figure 5.
Galvanic series (or electropotential series) of metals and alloys [14].

2.2.2 Environmental dynamics: influence of temperature, salinity, and dissolved gas

The reaction kinetics of the dissolution mechanism of magnesium has a clear
dependence on temperature and salinity. Taking one of our dissolvable magnesium
alloy grades AZ31-1, for example, for the reaction to proceed, some chloride must be
present, as evidenced in Figure 6. Tap water has a very small amount of chloride that
allows the reaction to proceed, albeit at a slow rate. Increasing the chloride concen-
tration leads to a nonlinear increase in the dissolution rate. For a given chloride
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Figure 6.
Dissolution of alloy AZ31-1 in tap water, 0.3 wt% KCI, 1 wt% KCI, and 3 wt% KCl at 23°C, 60°C, and 93°C,

vespectively. The chart on the left shows the dissolution vate as a function of salinity. The righthand chart
demonstrates the dissolution rate as a function of temperature. Measurements performed by CNPC USA.
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concentration, the reaction rate is close to linear with increasing temperature. Due to
the increasing rate, material is developed for different temperature applications, or
specialized coating is applied to ensure sufficient operational life.

Besides salinity and temperature of fluids, dissolved gas also plays a key role but is
often ignored by application engineers. Estimates on how quickly a plug will dissolve
in the lab are often much shorter than what is measured in the field. After years of
studying the dissolution rate in the traditional water bath method, that is measuring
weight loss after soaking in water bath for a certain period of time, a comparison was
made for testing an alloy in several ways while maintaining a temperature of 95°C and
a salinity of 1 wt% KCI. The water bath test dissolution rate fell within the range of the
unpurged autoclave, pressurized or not. There was a substantial decrease in the
dissolution rate of the autoclave where the nitrogen was used for purging entrapped
air. The delayed dissolution rate of the material in the purged autoclave appears to be
more representative of the deoxygenated downhole environment. If a plug takes 50%
longer than estimated to dissolve based on calculations made from water bath testing,
every stage of every well that uses dissolving magnesium is taking longer to come
online, thus reducing time to full production.

2.3 Dissolvable magnesium alloy design

Each well is unique in certain ways, for example temperature, pressure, fluid
conditions, operational procedures, etc., and the dissolvable plug is also an assembly
of various complex parts that bear different stress and strain during application.
Therefore, one grade of DM cannot fit for all DM, that is, a great variety of DMs
must be developed with different dissolving rates to satisfy well conditions, as well as
mechanical properties to meet requirements of plug design. Balanced by application
requirements and supply chain, DM is usually categorized first by temperature (low-
temperature grade, medium temperature grade, high-temperature grade), by corro-
sion rate (low rate, general rate, fast rate), by strength (low yield, general, high yield),
or by ductility (general and high elongation).

As discussed in introduction, DM technology is developed by an oil service com-
pany in the US, and they keep the cost and production scale in mind even at the
beginning because of low price of the final product. Since core technology of DM is to
form galvanic cell microstructure, the most natural way to achieve industrial goal is to
modify the formulation of mature Mg alloy grades through micro alloying. Different
from other dissolvable alloy technology developed by academic community like those
used in bio or medical field, detail formulation of each commercial DM grade typically
kept confidential, but the technical route is similar and open to public. In this section,
the general technique routes are illustrated on how magnesium can be alloyed with
many elements to enhance properties such as strength, castability, workability, and
corrosion rate.

2.3.1 Alloying for mechanical properties

For the traditional Mg alloy grades, aluminum is commonly added to magnesium
alloys to form the  phase (Mg;,Al;,) above two weight percent, increasing the
strength at the expense of ductility. Alloying with zinc increases both strength and
ductility [18], leading to many alloys such as ZK60 being developed as a high-strength
low-cost commercial alloy. The addition of zirconium acts as a grain refiner through
heterogeneous nucleation in the melt, resulting in further increases in mechanical
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properties. However, zirconium will react in situ with aluminum so that the two
cannot be used together. Various rare earth elements (neodymium, cerium, gadolin-
ium, yttrium, etc.) are added to create high-strength, thermally stable alloys such as
WE43. Rare earth added to aluminum-alloyed magnesium has a positive effect on
mechanical properties [19]. Others have reported the addition of sufficient rare earth
creates a long-period stacking ordered (LPSO) structure that significantly increases
the mechanical properties and thermal stability of an alloy [20]. For commercial DM
in oil and gas industry, this microalloying technology or microstructure is still utilized
in the exact same way. The only difference is to add suitable noble impurities at
reasonable content to make conventional magnesium alloy “dissolvable” without
interfering with microstructures that give alloy its mechanical properties.

2.3.2 Alloying for dissolution rate

After an existing commercial alloy or internally developed magnesium formulation
has been selected, elements promoting the galvanic cell effect are selected. In one
instance, one or more alloying elements are added to create a galvanically-active inter-
metallic particle. These are created during the casting phase where bulk magnesium
alloy melt temperature is less than the temperature of the introduced alloying elements.
Solid particles of any unalloyed elements are cooled, and an in situ precipitate of any
solid particle forms. While avoided in typical applications due to the decrease in corro-
sion resistance, these intermetallic particles are intentionally created to accelerate the
dissolution of the resulting alloy. The type and amount of alloying elements added are
modified to obtain the desired corrosion rate in the magnesium alloy.

Another method of creating a dissolvable magnesium alloy is to select elements that
prevent the naturally occurring passive MgO surface layer from reforming in a corrosive
media. Mercury and gallium both possess this ability and have a high solubility within a
magnesium matrix. Above the eutectic point, these elements and their precipitates will
form along the grain boundaries, creating areas with vast electropotential differences.

The most common method of appreciably accelerating the corrosion rate of a
magnesium alloy is the addition of copper, nickel, and tin. An addition of <4 weight
percent copper or < 1 weight percent nickel is adequate to create secondary cathodic
phases that accelerate corrosion of the alloy.

2.3.3 Cast magnesium alloy base

Traditionally, cast Mg alloys often contain Al, Mn, Zn, Ag, or rare-earth (RE)
elements as one of the major alloying additions. Aluminum is the major alloying
element for common casting alloys made in sand, permanent mold, and high-pressure
die casting. High-integrity castings for aerospace applications are made with other
casting alloys based on Ag, Zn, and Y rather than Al [21]. Very few manufacturers
utilize cast method to make magnesium dissolvable component because the casted
product cannot achieve mechanical strength required by applications. However, high-
quality casting is the first step to make high-quality wrought products. During our
development, several groups of elements are found essential during casting step.

The first group of low-melting-point alloying elements (Li, Bi, Ga, In, Pb, and Sn)
reduces the liquidus temperatures of the binary alloys, which is generally good for cast-
ability of the binary alloys. Alloying with these elements increases the dissolvability of the
alloys. The second group of alloying elements (Ca, Si, and Zn) forms various intermetallic
phases, which often provide strengthening to the alloys. Zirconium is an effective grain-
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refiner for aluminum-free magnesium alloys due to a peritectic reaction in Mg-Zr system.
Cerium is also a good grain refiner and can randomize the texture of wrought magnesium
alloys while increasing the corrosion resistance. Iron does not form any intermetallic
phases within the matrix. Iron is considered as impurity element because it causes micro-
galvanic corrosion in Mg alloys. When iron content is high, Mg-Fe-based alloys become
dissolvable. It has been reported that degradable alloys can include Mg-Li alloys enriched
with tin, bismuth, or other low-solubility alloying elements [22].

2.3.4 Wrought magnesium alloy base

Of commercial extrusion alloys, AZ31 is most widely used in nonautomotive
applications. With higher aluminum contents, AZ61 and AZ80 offer higher strength
than AZ31 alloy, but at much lower extrudability. The high-strength Zr-containing
ZK60 was designed for applications in racing cars and bicycles, such as wheels and
stems. WE43 and WE54 have exceptional high-temperature strength and creep per-
formance and can be used up to 260°C. These alloys form the baseline compositions
for many compositions of dissolvable magnesium alloys. To take full advantage of
well-established manufacturing facilities of these commercial grades, most DM alloy
grades are modified from these matures traditional grades for cost reduction or short
development time. For example, AZ31 is the basic system to develop general DM
grades, AZ61 or ZK 60 are the base for high-strength DM grades, and WE series are
typically referenced to make high-temperature DM grades.

Cold working, solutionizing, and heat treatment all have an influence on not just
the mechanical properties, but the resulting dissolution rates. The precipitation of
phases of varying electropotential may be accomplished through thermomechanical
processing. For a given chemistry, grain refinement will create a multiplicity of
smaller cells that on the net have more surface area. As corrosion occurs, grains detach
from the bulk of the material. Smaller grains detaching due to corrosion result in less
mass loss per unit volume than one large grain, thus leading to a measurably smaller
corrosion rate.

2.4 Dissolvable magnesium alloy processing

Due to cylindrical shape of final products (Figures 2 and 3) and high strength
requirements, casting and subsequent extrusion into bar or tubular shape has been
finalized by industrialists as the most cost-efficient route to manufacture dissolvable
Mg alloy raw material on large scale after over a decade of technology iteration, as
discussed in the introduction. High-quality melting and casting could significantly
reduce the content of impurities and defects, while hot extrusion and related heat
treatment in well-controlled processes are essential to achieve desired microstructures
and mechanical properties. All these two steps will be illustrated in this section.

Melting and casting of dissolvable magnesium alloys are the same as non-
dissolvable alloys. Many manufacturers utilize the same equipment to create both
types of alloys. Of note is the preference for direct chill (DC) semicontinuous casting
alloys (Figure 7). Molten metal is poured into the open mold from the top. As the
partially solidified billet/slab emerges from the mold, water impinges directly on the
casting surface. Steady-state casting conditions are achieved when the sump profile
ceases to evolve with time relative to the mold. The casting process stops when the
desired cast length is obtained or the bottom of the pit is reached. For magnesium
alloys, billets up to 500 mm in diameter and 2000 mm in height are produced. The
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Figure 7.
Schematic of the DC cast process for magnesium alloys, indicating the different heat-transfer regimes [23].
Figure reproduced with permission from Elsevier.

advantages of DC products are high cooling rates due to water spray and no visible
cracks as compared to castings in a mold. Also, the DC casting method reduces the
internal stress in the cooled material by allowing contractions on all sides, as opposed
to only on the top of the ingot in a traditional trough mold [23].

Experientially, of the various methods for shaping magnesium, direct chill casting
is the preferred route. In our work, three DM alloy grades, AZ91-1, MS-RE-1
(medium strength rare earth), and HD-RE-1 (high ductility rare earth), were cast by
two different methods, vacuum induction melting (VIM) and direct chill (DC) cast-
ing, and extruded by the same 6:1 reduction ratio. Sampling tensile from the quarter
radius longitudinal direction allowed for a comparison between the two materials. In
all but one instance (HD-RE-1 UTS), the mechanical properties of the DC cast mate-
rial are superior to the VIM cast equivalents (Figure 8). The dissolution rate is also
found to decrease for each alloy manufactured by DC cast (Figure 9). The increased
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Comparison of the as-extruded mechanical properties from two casting techniques: VIM and DC.
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Comparison of the dissolution rate of material cast by VIM and DC.

mechanical properties and decreased dissolution rate indicate a finer grain structure of
DC castings. The melt agitation and fast cooling from DC casting make it the first
technical choice for producing dissolvable magnesium alloys.

Casted billet is typically full of defects and does not exhibit enough strength or
elongation required by dissolvable plug application. To meet these high requirements,
the next step is to hot extrude them into bar or tubular shape. In detail, a billet is
pushed or drawn through a die of the desired cross-section in hydraulic presses to
produce bars, tubes, and a wide variety of profiles with an excellent surface finish,
improved mechanical properties, and hollow sections. High-strength magnesium
alloys are more difficult to extrude and need to be extruded at higher temperatures
and/or lower speeds, thus lower productivity with a greater risk of failure.

While hollow extrusions can be made with a mandrel and a drilled or pierced billet,
it is generally more economical (higher productivity) to use a bridge die where the
metal stream is split into several branches and recombined before the die exit.

Figure 10 is schematic illustration of the extrusion setup for the semi-hollow, hollow
(using port-hole dies), and solid profiles. It should be pointed out that hollow extru-
sions produced from port-hole dies have solid-state seams (formed during extrusion)

Figure 10.
Schematic illustration of the extrusion setup for the semi-hollow, hollow, and solid profiles (left, [24]) and rare
earth-containing magnesium alloy extruded at too high a rate (right).
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in the parts. If the components require high-pressure tightness, seamless extrusions
produced using mandrel-die are recommended.

Temperature and extrusion rate are two critical parameters for hot extrusion
process. They are correlated and strongly dependent on alloy compositions and
microstructure of casted billet. For example, 350°C is found to be the optimized
temperature in our work to extrude magnesium alloys without rare earth, while those
with rare earth require a higher temperature of 400°C. An extrusion rate of 0.6 mm/s
is typical for those alloys without rare earth; rates as low as 0.1 mm/s are required for
rare-earth magnesium alloys. For development of each new grade as illustrated in
Section 2.5, lots of production trials are needed to optimize these two parameters in a
costly trial and error process (right, Figure 10).

2.5 Grades of dissolvable magnesium

Alloys reported herein cover a wide range of suppliers from the whole dissolvable
magnesium industry, including material developed and commercialized internally.

2.5.1 Fast dissolvable alloys

Reaction kinetics are slowed with decreasing well temperature. While the magne-
sium alloy will eventually dissolve, client requirements of complete dissolution in
15 days force reformulation of alloys. It is simple to take a known alloy and modify the
inclusion of impurities that accelerate dissolution. For example, developing AZ31-2
for accelerated dissolution at low-temperature low salinity. Increasing copper by 50%
only increased dissolution rate by 36% in AZ31-2A. Increasing the nickel content by
25% in AZ31-2B resulted in an increase of 61%. Increasing both copper and nickel
content by 50% for AZ31-2C results in a 115% increase in dissolution rate (Figure 11).

The addition of indium to a magnesium-aluminum alloy will also allow for an
accelerated corrosion mechanism. Aluminum, despite being a very reactive element,
is well known to form a passivating film that makes it corrosion-resistant. Aluminum
will inhibit corrosion of magnesium alloys due to the p phase protecting the magne-
sium matrix phase through a passive surface film. The addition of indium will desta-
bilize the protective aluminum oxide surface film, accelerating the corrosion of the
alloy. It has been reported that the indium redeposits back onto the surface, which
further deteriorates the film, leading to a corrosion rate increase of 350% in 25°C 3.5%
NaCl by adding 3.5 wt% indium [25].

Dissolution Rate at 50°C in 0.84 wt% KCI

Material

. 1
=
3
2
&

Figure 11.
Dissolution rate response change of a low-temperature magnesium alloy based on AZ31 with increasing noble
alloying element inclusion. Measurements performed by CNPC USA.
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2.5.2 High-temperature dissolvable alloys

Magnesium experiences a precipitous decline in mechanical properties at 95°C,
which is the maximum operational temperature for many US shale wells. Internation-
ally, some shale reservoirs reach temperatures of 175°C, which creates a significant
challenge for using dissolvable magnesium (Figure 12).

A common solution to stabilize mechanical properties for high-temperature mag-
nesium alloys is to utilize rare earth elements that create secondary precipitates. The
addition of rare earth will not only increase the high-temperature stability but also
increase the mechanical properties. Apart from the Orowan strengthening of precipi-
tates, strong basal texture and grain size refinement strengthening lead to improved
tensile properties at room and elevated temperatures. As previously mentioned, the
reaction kinetics accelerate with increasing temperature. Ideally, the number of noble
impurities will be decreased to slow the reaction rate to ensure sufficient operational
isolation downhole. It can be impractical for manufacturers to manage multiple seri-
alizations of a given alloy for various temperatures, so long-duration coatings are
often used to provide additional lifetime in situ.

2.5.3 High elongation dissolvable alloys

There exists a need for high elongation alloys, defined as having an elongation of
16 to 28%, for components like foldback rings or metal seals that must deform during
the course of setting to support the element or actually create the seal with the casing
(Figure 3). It is challenging because magnesium has a relatively low ductility due to
limited slip planes in the material due to its HCP structure.

An ultra-high elongation magnesium alloy possesses a measured ductility greater
than 28%. In our work, Lithium is added to increase ductility with a simultaneous
decrease in mechanical strength. Additions of 14% or more lithium will result in a BCC
structure that is expressed with high ductility and low mechanical properties. HD-1,
HD-2, and HD-3 are high ductility (HD) alloys with no additions of rare earth or
lithium. HD-RE-1, HD-RE-2, and HD-RE-3 are high-ductility alloys alloyed with rare
earth, without the addition of lithium. Figure 13 demonstrates the transition starting
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Figure 12.

Degradation of dissolvable magnesium alloy properties as a function of temperature. (left) alloy AZ31—1 formulated
without vare earth demonstrates steep strength decline with increasing temperature while (vight) alloy with rare earth
shows only modest strength decrease even to 300°C. Measurements performed by company CNPC USA.

75



Magnesium Alloys — Processing, Potential and Applications

Mechanical Properties for Ultra High Elongation

Magnesium
45 70
40 60
35
= 30 g
-.“t- 25 40 =
a =
g 30 &
& S
w

20

20 \'..

10 21 B

5

0 0

10
DM-6 DM-9 DM-36 DM-34 DM-33 DM-38 DM-24 DM-29
Material Grade

I 23°C Yield 150°C Yield  23°C UTS

. 150°C UTS = 23°C Ductility = 150°C Ductility

Figure 13.
Plotted mechanical properties of five high elongation magnesium alloys and three ultra-high elongation magnesium
alloys. Measurements weve performed by CNPC USA.

with a low amount of lithium in UHD-RE-1 that increases in UHD-RE-2. The ductility
of UHD-RE-3 decreased despite a similar amount of lithium to UHD-RE-2 due to the
addition of more rare earth elements to increase the strength. A passive surface film
begins to form, which advantageously slows the corrosion rate for critical high-
temperature sealing applications. Additions of yttrium will further reduce the corrosion
rate to allow the sealing element to function for the entirety of the fracturing operation.
Combining gadolinium and yttrium with lithium and magnesium also leads to particle
dispersed strengthening due to phases like AI2Y and microstructure refinement.

3. Dissolvable magnesium failure analysis

Different from conventional Mg alloy, dissolvable magnesium alloy is doomed to
“failure”, that is, dissolving. Besides qualifying issues from manufacturing process, for
example, material cleanliness, micro-cracks or other defects, quality consistency, etc.,
most common failure of DM is a selection of grade with unsuitable dissolving rate
based on wrong testing method (Table 1) or ineffective delay coating (Section 4). DM

Condition (1% KCl, 95°C) Dissolution rate, mg/cmzlhour (average)
Autoclave, air 33+15
Autoclave, N, purge 2154+ 1.5
Waterbath 326 +1.0
Table 1.

Comparison of the dissolution rate of AZ31-1 in the same temperature fluid in three different test methods.
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simply dissolves too fast, and parts lost mechanical strength (i.e., over-stressed) due
to mass loss before hydraulic fracturing finishes. As one of the pioneering operators to
develop extremely high-temperature wells, we also found unique stress corrosion
cracking (SCC) failure mode when DM is used at elevated temperatures [26].

During a hydraulic fracture operation in a 125°C shale well in our previous opera-
tion, a sudden, premature failure was recorded with a plug utilizing rare-earth magne-
sium alloys HT-RE-1 and HT-RE-2 (high-temperature grade). Due to the nature of the
tool, it could not be retrieved to perform a failure analysis. Tests on high-temperature
plugs, made from rare earth-containing magnesium alloys, were performed in simu-
lated well conditions where temperature > 140°C and pressure in tap water at pressures
exceeding 50 MPa. A plug with HT-RE-1 slips failed suddenly. Subsequent inspection
revealed significant fracturing of the HT-RE-1 slips (Figure 14). Repeating the test with
HT-RE-2 slips resulted in a similar failure, with close investigation, showing an initial
crack in at least one slip formed and propagated early into testing. Testing a plug with
HT-RE-1 slips in 140°C oil was successful. Despite very low dissolution rates in
unstressed conditions, an unknown mechanism involving tap water caused accelerated
corrosion and rapid failure of HT-RE-1 and HT-RE-2.

Scanning electron microscopy (SEM) found characteristics of stress corrosion
cracking (SCC). A nonobvious alloy, HT-RE-3, was selected as a potential replace-
ment due to the higher elongation, despite a lower yield. Slow strain rate testing
(SSRT) was performed in 140°C tap water at a rate of 4.00 x 10~ ° in/in/s for HT-RE-
1, HT-RE-2, and HT-RE-3 (ASTM G129), there is a substantial decline in mechanical
properties when conducting SSRT at 140°C when compared to the results from stan-
dard tensile testing at 140°C (Figure 15). The extreme decrease in ductility demon-
strates water is the factor accelerating the fracture via SCC [26]. Subsequent 140°C
tap water plug testing with HT-RE-3 slips was crack-free and successful. A clear

Figure 14.
A cross-sectioned fractured HT-RE-1 slip with (a) an evident crack and (b) a closeup of the fracture.
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Figure 15.

Comparison of high-temperature tensile testing to SSRT at 140°C for HT-RE-1, HT-RE-2, and HT-RE-3. HT-
RE-1 and HT-RE-2 experienced a precipitous decline in properties, whereas only a moderate decline in
mechanical properties was measured in HT-RE-3. Measurements were performed by CNPC USA.
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relationship between SCC, material microstructure, and chemical formulation was
established so that a new grade of alloy with well-designed microstructure was
developed to avoid SCC and successfully prevented sudden cracking issues of HT
dissolvable plugs used in ultra-HPHT shale well development.

4. Protection and coating for dissolvable magnesium

During field application, degradable plugs are required to keep mechanical integ-
rity under high stress during hydraulic fracturing process in the first 6-24 h
(depending on operation design) and to be dissolved as quickly as possible without
large solid residual to put wells into production quickly (i.e., high operation effi-
ciency). The former requirement demands DM to have lower dissolving rate so that
plug can maintain reliable strength during operation, while the latter requires DM to
have dissolving rate as high as possible. A conflicting requirement leads to two kinds
of broadly observed failure in field, either “premature” disintegration or not
dissolving at all at the end due to wrapping of oily contamination when dissolving rate
is too low [27]. To circumvent these contradictory requirements for the DM alloys,
delayed surface coating (or “temporary coating”), such as polymer spray coating, has
been utilized on a fasting dissolving DM (typically >20 mg/cm?/hour) to delay its
initial dissolving process.

Since all polymers are permeable to gas or water molecules to certain level [28], for
immersion application, the rate of base metal corrosion where such coatings are used
should not exceed approximately 1.3 mm/year (50 mils/year) according to industrial
standards [29]. For typical magnesium DM, corrosion rate is several orders of high
than this criteria, and ordinary coatings (typically <500 pm) are doomed to be
unreliable. Liner (>2 mm) or inorganic cladding might be an option, but they are
typically too thick to protect complex DM parts with tight tolerance in real applica-
tions. Since delay coating is just “temporary” (i.e., 6-24 hours.), it is still an effective
option as long as coating materials and application process are well-engineered and
broadly tested. Since DM plug technology in oil and gas is mainly led by companies,
this section will illustrate industrial’s common practice of delayed coating on DM
plugs, especially the application experience from author’s group.

4.1 Low-to-medium temperature coating technology

Low-to-medium temperature typically means the temperature at which DM alloy
does not deteriorate in mechanical strength (typically <120°C). Ductility of these DM
grades can be typically maintained above 8%, that is, categorized as ductile material in
oil and gas industry [28] since heavy precipitation enhancement can be avoided. In
this scenario, DM typically fails in the form of general corrosion (i.e., gradual material
loss), instead of catastrophic crack failures such as stress corrosion cracking or hydro-
gen embrittlement. It has a low requirement on coating quality as long as it can
provide barrier effect to certain level. Therefore, delay coating that is found effective
in protecting DM plugs is typically cost-efficient polymers, such as acrylic, epoxy, and
polyurethane, or their combinations. Their selection and coating parameters depend
on the downhole environments, including temperature, pressure, fluid salinity, etc.,
and they are typically trading secrets for each service provider. For example, Kumar
et al. reported the usage of phenolic-based and aliphatic-based epoxy on their
dissolving Mg products to delay disintegration [30].
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The only concern for these spray coatings is uneven protection on different geom-
etries. As reported by Zhao et al., for a typical failure process, coating first breaks at an
edge or corner, where coating thickness is typically low (Figure 16b) or full of defects
such as holidays and pinholes [31]. Fluids then not only corrode the exposed DM
substrate immediately under these areas but more importantly infiltrates between the
coating/DM interface in the form of film filiform corrosion (Under-film Corrosion,
Figure 16a), causing material loss. Finally, blistering occurs all over the coating and
causes complete breakage of the coating. Therefore, DM parts with sharp edges or
corners fail much quicker than those with only smooth surface area (e.g., fracture ball,
Figure 3), special effort, either an advanced coating or strip coating, needs to be
applied to these difficult areas [32] to prevent “premature” disintegration on certain
complex parts.

4.2 High-temperature coating technology

In stark contrast to low-temperature fail mechanism, DM alloy typically fails in the
form of environmental assistant cracking (EAC) at high temperatures (usually >120°
C), instead of a predictable general corrosion process. As discussed above, mechanical
strength of traditional Mg alloys typically drops significantly around 120°C due to the
degradation of dispersion phases. To maintain reasonable strength (>270 MPa) for
high temperature (>140°C) DM plug applications, the so-called HT grades are heavily
precipitation-enhanced through rare earth microalloying at cost of alloy ductility
[27, 28]. Even though the detailed cracking mechanism, such as stress corrosion
cracking (SCC), hydrogen embrittlement (HE), and formation of hydride, is still
under debate, however, it is unanimously believed that the loss of elongation of HT
grades (typically drop from 15-20% to 5-12%) make that material more susceptible to
SCC failures [33-35]. Based on industrial standards [35] and various research [36],
coatings, especially organic coating, cannot eliminate the SCC of base metal due to
inevitable film defects and gas/moisture permittivity, but it is still an effective option
as delay coating, if the stressed DM parts are efficiently isolated from the service
environment for 6-24 hours.

Grease and thin polymer coating have been reported to have a synergistic effect to
address EAC issue of DM by Zhao et al. [27]. In this combination, HT grease is applied
on top of thin polymer coatings, for example, epoxy coatings, silicone coatings, and
fluoropolymer coatings, to cover any defects (pinholes, holidays, etc.) within
(Figure 17a). The effectiveness of this combination was proven by SSRT at 140°C as
shown in Figure 17b. Compared with the uncoated sample, this coating increased
cracking strength from 200 MPa to 352 MPa (76% increase) and doubled elongation
(from 0.9-2%). Based on test results it is believed that below a certain strain range,

Epoxy Meunting

Figure 16.
Photo of (a) failed polymer coating after aging and (b) OM image of ECTFE coating at sample edge avea [31].
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Figure 17.
Schematic illustration of (a) synevgistic effect between grease and polymer coating and (b) its effectiveness
examined by SSRT. figure reproduced with permission from TMS [27].

the grease coating can prevent SCC of Mg alloy by isolating it totally from corrosive
fluids. After further deformation, the grease coating breaks, leaving bare areas
unprotected for SCC to initiate. The key technology of this technology is suitable
grease material formulation or section (i.e., high-temperature rating, proper consis-
tency, high bonding strength to both metal and polymer base, hydrophobic, with
excellent thermal/chemical resistance, and resistant to shearing and impacts, etc.),
and its compatibility with polymer coatings. This method is broadly accepted by fields
also because of its high “flexibility” in delay time; thicker grease coating always leads
to longer delay time, which could provide the operators with a choice at the last-
minute change to accommodate unpredictable field requirements if they choose to
apply final greasing step on job site manually. This could lead to a significant cost
reduction from the perspective of supply chain management.

Given its effectiveness in preventing EAC, grease/polymer combination has been
found by Zhao et al., not powerful enough to deal with extremely corrosive environ-
ments (i.e., reduced delay time), and extra layer protection is necessary [38]. In his
work, failure analysis of grease/polymer combined coatings shows that blistering still
occurs near its end stage, therefore, an extra inorganic layer (i.e., surface
pretreatment) needs to be added, not only to provide extra barrier but most impor-
tantly to prevent filiform corrosion (thus blistering). Among these inorganic coatings,
plasma electrolytic oxidation (PEO) coating is tested to be the most effective solution
thanks to its dense protective inner layer, high mechanical strength, and most impor-
tantly strong affinity to polymers because of its porous top profiles. Since both inor-
ganic PEO layer (15-25 pm) and polymer coating can be controlled thin enough not to
interfere with tool assembly and function. Failure analysis on broken areas showed
that the blistering issue had been eliminated, and delay time can be doubled due to the
existence of inorganic PEO pretreatment [37].

5. Outlook and future direction for dissolvable magnesium

Dissolvable magnesium plugs have had a proven field history over the past decade.
Intense effort in dissolvable magnesium alloy development has advanced magnesium
alloying and processing as a whole. Driven by several factors like increasing produc-
tion of oil & gas, the dissolvable frac plugs market size is projected to reach an
estimated value of US$ 1178.8 million in 2024 [38]. As more applications are found for
DM than hydraulic plugs, oil & gas industry could become of major consumption
section of global Mg production. In less than two decades, DM technology evolves
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from a concept in lab to a commodity with hundreds of commercial grades. This
unique application is obviously a success story to take full advantage of high
reactivity of Mg materials. However, there is still lot to be done to further advance this
technology.

To deal with increased scarcity of traditional easy oil/gas resources, whole industry
moving to more HTHP and unconventional reservoirs, where DM fails in the form of
stress corrosion cracking instead of general corrosion process, as illustrated in Chapter
5. High strength and ductility must be achieved simultaneously for this scenario,
which has been a significant challenge for current DM industry and requires intensive
research effort on both formulation and processing. The most cost-efficient route is
still exploring new alloying element systems to form effective precipitation phase. It
has been under intensive R&D by both industrial and academic communities [39].
The difficulty of this route is forming thermal stable precipitation phase, which
typically requires usage of expensive rare earth elements. Rare earth-free micro alloy
technology is reported but its performance is not satisfactory. An alternative route is
directly adding advanced filers, with different sizes and geometries, to form the so-
called composite or nanocomposite materials [40]. These fillers include but are not
limited to inorganic powders (SiC, Al,O5, TiO,, etc.), nanotubes, graphene, etc. Sig-
nificantly improvement has been reported in various research papers, but this tech-
nology is not ready for industrial application because of not only cost but also
manufacturing difficulties. It is very challenging in manufacturing scale-up to mix
fillers, especially in nanosized, uniformly into DM melt, and solidify/cast them with-
out filler aggregation or introducing defects [41], such as voids, cracks, and detri-
mental inclusions. PM is a more controlled route to address this issue but has proven
to be unsuitable technology due to its low ductility and high cost in mixing. Therefore,
more efforts need to spend to scale up the composite fabrication technology from
material lab to manufacturing line in mill. The last but least technical route is
advanced plastic-deforming technology to reduce current grain size of DM signifi-
cantly, which obviously increases strength and ductility at same time without modi-
fying formulation. However, these technologies, such as equal channel angular
extrusion (ECAE) and friction stir extrusion [42], are still limited to lab research, and
there is a long route before industrialization.

In the field application, the by-product of Mg dissolving process, that is, Mg(OH),,
reacts with downhole silicate (either from formation or hydraulic frac sand) to form
hard magnesium silicate or aluminum silicate if Al is used as alloying element [43].
The basic mechanism is still under investigation, but formation of this so-called
recrystallized material is detrimental to dissolvable plug application because it either
warp around DM to prevent it from dissolving or forms a strong cement block iz situ,
blocking the well bore. This recrystallization is strongly related to downhole temper-
ature and fluid conditions and is found even severe in HTHP wells. For example, over
60% failure rate of DM plugs is reported in developing a high-temperature gas well
recently, which makes DM plus unsuitable to use. Therefore, a new formulation or
dissolving mechanism needs to be developed to prevent recrystallization reaction
downbhole.

After two decades of intensive R&D on 3D printing technology worldwide, this
technology is mature for oil and gas applications from both performance-wise and
cost-wise. Various downhole tools and parts are reported to be manufactured from
industrial 3D printing process [44], as it brings obvious benefits, such as reduced size
(i.e., eliminating joints or connections) and complex shapes not achievable by tradi-
tional machining. Given many works have been published in 3D printed Mg alloy [45],
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especially dissolvable Mg alloys used in biomedical fields, there is no 3D printing of
dissolving metal reported so far in oil & gas industry, probably due to recent downside
of the oil market. More R&D efforts need to be invested to bring these benefits to DM
downhole tools.
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Chapter 5

Development of Mg-Based Bulk
Metallic Glasses and Applications in
Biomedical Field

Kun Li and Guogiang Xie

Abstract

Mg and its alloys have attracted much attention recently as a biomaterial due to
their excellent biocompatibility, similar mechanical properties to bone and biode-
gradability. However, the rapid degradation proved to be challenging to act as an
implant. To improve the corrosion resistance and overcome rapid degradation of Mg-
based alloys, researchers have been working on the synthesis of Mg-based bulk
metallic glasses (BMGs). The first research on Mg-Cu-Y BMG was conducted by Inoue
in 1991. Since then, Mg-based BMGs with different systems have been developed.
Compared to the crystalline metallic Mg-based implants, the structure of Mg-based
BMGs without any regular pattern offers low corrosion reactivity and increase pas-
sivity. Mg-based BMGs exhibit a good combination of biological, mechanical and
corrosion properties and ease of fabrication. Thus, Mg-based BMGs can be considered
an efficient candidate in the biomedical field.

Keywords: Mg-based bulk metallic glasses, mechanical properties, corrosion
resistance, biodegradability, biocompatibility

1. Introduction

Bulk metallic glasses (BMGs) can be considered a new group of engineering
materials in the field of biomedical materials. As crystallize, the molecules have to find
the right place in the lattice and position themselves at the right angle relative to their
neighbors. Once the position of the molecule is confused or missing, it will cause
defects that affect the comprehensive properties of the material. For glass state, due to
fast supercooling the liquid from melting temperature (T,,) to glass transition tem-
perature (Tg) inhibits the crystalline phase to nucleate and grow. Liquid-like disorder
is “frozen” to solid BMGs structure due to the fast supercooling rate. This fast-
growing new class of materials is known as BMGs. BMGs present more homogeneous
structures without microstructural defects like dislocations, grain boundaries, or pre-
cipitates, thus exhibiting better and more stable mechanical properties. Comparing to
the conventional crystalline metallic counterparts, BMGs exhibit higher strength,
lower Young’s modulus, improved wear resistance, good fatigue endurance, and
excellent corrosion resistance due to the unique amorphous structures. For this
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purpose, BMGs have recently attracted much attention for biomedical applications.
BMGs such as Ti-based [1-3], Zr-based [4], Mg-based [5, 6], and Ca-based [7] are
popular in the biomedical field. Ti-based and Zr-based BMGs are almost impervious to
corrosion in the human body; hence they are suitable for permanent implant. And
Mg-based and Ca-based BMGs for temporary due to be easily corroded by body fluids
[5, 7]. Compared to other materials, Mg is exceptionally light in weight with a density
of around 1.74 g/cm3 , and the elastic modulus of Mg is similar to that of natural bone
[6]. Further, the ability for magnesium alloys to undergo biodegradation eliminates
the requirement for a second surgery to remove the implant. Here, Mg seems to be the
promising candidate for biodegradable implants. As a natural element in human body,
Mg shows good biocompatibility with no systemic inflammatory reaction or effects on
cellular blood composition [8]. Additionally, its degradation releases Mgz+ ionandisa
cofactor in numerous numbers of enzymes. And the products such as MgO and Mg
(OH), are expected to be nontoxic to the surrounding tissue. Therefore, researchers
viewed Mg-based BMGs as alternative biomaterials for implant applications. Despite
the advantages of Mg alloys, the rapid degradation act as a challenge as the implant is
unable to retain its structural integrity during the implantation period. To improve the
corrosion resistance of Mg alloys, Mg-based bulk metallic glasses have been synthe-
sized and characterized, which can significantly improve the corrosion resistance of
Mg-based alloys. In addition to the aforementioned properties, the development of the
Mg-based BMGs is of great economic interest as magnesium is abundantly available in
land and seawater.

In this chapter, the development of Mg-based BMGs and their application in the
biomedical field are introduced. In addition, the high strength, suitable corrosion rate,
and biocompatibility of the Mg-Zn-Ca BMGs, which can be considered the most
potential system in biomedical field, are described in detail of the mechanical proper-
ties, corrosion resistance, and biocompatibility.

2. Development of Mg-based BMGs
2.1 The formation of Mg-based BMGs

The most conventional approach for the development of bulk metallic glasses is
through the rapid cooling technique at very low critical cooling rates (<100 K/s).
Examples of methods involved in rapid cooling are liquid quenching methods such as
injection casting, tilt casting, and melt spinning. The working principle of these
processes is that rapid quenching causes the freezing of atoms and does not allow
rearrangement and diffusion of an atom. Thus, materials can maintain the glassy
structure because of no order or short-range order as rapid quenching freezes the
liquid-like atomic arrangement. Cooling rate and degree of crystallization have an
important role in dictating the microstructure of the Mg-based BMGs. So the critical
cooling rate determines the critical casting thickness—the maximum thickness for
glass formation. One can speak of a material’s glass-forming ability (GFA) as being
either inversely proportional to its critical cooling rate or proportional to its critical
casting thickness [8].

The formation of BMG can be concluded as three criteria [9, 10]: (1) Requiring a
multicomponent alloy with three or more elements; (2) Exhibit mismatch of atomic
size ratio greater than 12% among major constituents; (3) Having a negative heat of
mixing between major constituents. This rule signifies the range of glass forming
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composition, which often tallies with low melting temperature and eutectic region. It
reduced the glass transition temperature according to Eq. (1) as follows [11]:

Tg
Tr - T_m (1)

Ty, is the glass transition temperature and T, is the melting temperature of the
alloy. This is for easy glass-forming alloys where a reduced glass transition tempera-
ture (T,,) is normally equal to or higher than 0.6.

2.2 Introduction of Mg-based BMGs

In 1980s, Mg-based metallic glass has been studied. The initial research on Mg-
based metallic glass mainly focused on the physical properties such as glass-forming
ability, resistivity, hall-coefficient, thermopower, and electron transport properties.
In 1991, Inoue et al. [12] first developed Mg-based BMGs, which proved the system of
Mg-Cu-Y BMG. It exhibited excellent GFA and a wide supercooled liquid region. The
diameter amorphous cylinder (D.) of prepared Mg-Cu-Y BMG is 1.5 mm with the
length of 50 mm (as shown in Figure 1).

Copper mold casting method is the most conventional of preparing the Mg-based
BMG [13], however, the bulkier a sample is, the more slowly its interior cools. The
sample size thus will be limited. With the development of technology, more and more
Mg-based BMG systems have been developed successfully with various methods. And
these Mg-based BMGs exhibit a wide supercooled liquid region before crystallization
and have large GFA. The system of Mg-Ni-Nd BMG with a thickness as large as
3.5 mm is produced through chill-block melt-spinning [14]. Mg-Cu-Ni-Ag-Zn-Y-Gd
BMG with a diameter of 14 mm was successfully fabricated by conventional copper
mold casting method [15]. Mg-Cu-Ni-Gd BMG systems with a maximum diameter of

Figure 1.
Mg-Cu-Y BMG produced by low-pressure casting into a copper mold [12].
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2.5-5.0 mm were prepared by copper mold casting (Figure 2) and exhibited high
strength above 900 MPa [16]. Some Mg-based BMG systems and preparation methods
are summarized in Table 1.

2.3 Structure of Mg-based metallic glasses

Metallic glasses are of utmost importance because of their exceptional chemical,
mechanical, and physical properties. They are amorphous in structure without any
regular pattern, such as crystalline metallic alloys. Their disorder structure can be
realized from a wide range of glassy compositions because of the absence of specific
stoichiometries. This is also favorable for the microscopic tuning of properties under

Figure 2.
Outer shape and surface appearance of Mg-Cu-Ni-Gd BMG rods with diameters of 2.5, 4.0, and 5.0 mm,
respectively [16].

System Production method Diameter (mm) Refs.
Mg-Cu-Y Copper mold casting 4 [12]
Mg-Ni-Nd Chill-block melt-spinning 3.5 (thickness) [14]
Mg-Cu-Ni-Gd Copper mold casting 2.5-5.0 [16]
Mg-Cu-Y-Zn Induction furnace under an inert atmosphere 3 [17]
Mg-Cu-Ni-Zn-Ag-Y-Gd Copper mold casting 14 [15]
Mg-Cu-Ni-Zn-Ag-Y Copper mold casting 9 [14]
Mg-Cu-Ag-Er Copper mold casting 8 [18]
Mg-Ni-La Injection casting 25~4.0 [19]
Mg-Zn-Ca-Sr Copper mold casting 4~6 [20]
Mg-Y-Cu-Ag-Pd Water quenching 12 [21]
Mg-Zn-Ca Spark plasma sintering 15 [22]
Table 1.

The summary of Mg-based BMGs systems with different diameters by various preparation processes.
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a certain range through the optimization of the glass transition composition. Take
the Mg-Cu-Y-Ni metallic glass as an example, researchers described the structure of
Mg-Cu-Y-Ni metallic glass by experimental and modeling methods. Mg-Cu-Y-Ni
metallic glass was prepared in the form of ribbons with a thickness of 0.08 mm and a
width of 10 mm by the melt spinning (MS) technique. And they also found that a
small amount of Ni could improve the glass-forming ability of an Mg-Cu-Y alloy. As
shown in Figure 3, the structure of Mg-Cu-Y-Ni metallic glass is presented by the 3D
atomic configuration obtained from Monte Carlo (RMC) modeling of the random
configuration of 8000 atoms. It can be seen that the distribution of atoms is not
completely homogeneous. And the Cu and Y atoms segregate in some areas, indicating
the formation of local ordering with more and less dense regions.

Metallic glass has a special microstructure, which is different from crystalline alloy.
The X-ray diffraction (XRD) pattern and Differential Scanning Calorimetry (DSC)
curve of Mg-Cu-Y-Ni metallic glass are displayed in Figure 4. It reveals a typical
broad diffraction peak that is centered at about 43° and indicated the formation of an
amorphous phase. The sample was heated from room temperature to 600 K at a
heating rate of 20 K/min. It can be observed that the Mg-Cu-Y-Ni metallic glass
exhibits an endothermic effect of the glass transition followed by a distinct exother-
mic peak. The detected effects confirm the amorphous structure of the studied sample
and allowed the glass transition temperature (T, = 420 K), the onset crystallization
temperature (T, = 467 K), and the peak crystallization temperature (T, = 474 K) to be
determined. The supercooled liquid region(AT, = Ty — T,) of Mg-Cu-Y-Ni metallic
glass can be calculated at about 54 K.

a) b)

Mg@cu® YO NO®
b N YR KNt
"’L‘hﬁ"% : i 4

Figure 3.
Structure of Mg-Cu-Y-Ni metallic glass [23].
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Figure 4.
(a) XRD pattern and (b) DSC curve of Mg-Cu-Y-Ni metallic glass [23].

3. Applications of Mg-based BMGs in the biomedical field

The development of biodegradable BMGs is still in its infancy. Since the inception
of an Mg-Zn-Ca BMG in 2005 [24], only Mg-based biodegradable BMGs have been
successful as potential contenders for temporary implant applications. For crystalline
Mg and its alloy, the rapid degradation rate will precipitate a large amount of hydro-
gen. Hydrogen evolution that cannot be removed will form pores in the tissue, affect-
ing tissue healing. In contrast to crystalline Mg, the potentially much greater range of
alloying elements in an amorphous single-phase structure allows the production of
particular metallic glasses with significantly improved corrosion characteristics. This
implies that glassy Mg alloys may exist for hydrogen evolution during degradation,
which is significantly reduced or even prevented completely [25]. And it is very
necessary for the biomedical application.

Recent research into Mg-based BMGs has found that they have higher strength and
lower Young’s modulus than pure Mg and conventional Mg alloys [26]. In addition,
the system of Mg-Zn-Ca BMG presents more uniform corrosion morphology than
conventional crystalline Mg alloys, has much lower corrosion rate, and shows higher
cell viability than conventional crystalline Mg [5, 27, 28]. All of Mg, Zn, and Ca are
essential elements for the human body, the completely nontoxic Mg-Zn-Ca BMG thus
has attracted huge attention in biomedical applications.

3.1 Mechanical properties

Although Mg-Zn-Ca BMG shows great potential biomedical applications, however,
Mg-based BMGs are among the most brittle BMGs with almost no plasticity [29] at
room temperature (Figure 5); this limits their potential application [30]. To improve
their mechanical properties, it is always preferred to use the particulate-reinforced
Mg-based BMGs composite [31-33]. Metallic elements, alloys, polymers, ceramics,
and oxides can be selected as the second phase. However, from the previous research,
it seems that metal elements are the best reinforcer. Xie et al. [34] introduced Fe
particles into Mg-Zn-Ca MG to fabricate composites by ball milling process. After
sintered by spark plasma sintering (SPS), the samples exhibit a microstructure of
core-shell. The scanning electron microscope (SEM) of Mg-Zn-Ca BMGs and com-
posites with Fe particles are displayed in Figure 6. It can be observed that Fe particles
distribute on the surface of Mg-Zn-Ca forming a composite material with a core-shell
structure where Fe as the second phase is located at boundaries of amorphous regions.
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Compression properties of MgssZn ;,Ca, and Mg.,oZn,sCas BMG [29].

Figure 6.

The SEM images of Mg-Zn-Ca BMG and Mg-Zn-Ca/Fe BMG composite with different Fe after SPS processing,
vespectively. High resolution of Mg-Zn-Ca/Fe BMG composite is inserted in (d) and (e) mapping images for the
element Mg, Zn, Fe, and Ca of Mg-Zn-Ca/Fe BMG composite (with 10% of Fe) [34].

Figure 7 shows the compressive strength of Mg-Zn-Ca BMG and composites with
different addition contents of Fe. The stress of Mg-Zn-Ca BMG is 574 MPa while those
of the composites are 679 MPa, 738 MPa, 765 MPa, and 641 MPa for the composites
with addition of 5%, 8%, 10%, and 12% (mol.%) Fe, respectively. Due to introducing
Fe into Mg-based BMG, the composites exhibit an enhanced compressive strength.
Therefore, “ex-situ” addition of the elements into metallic glass (MG) matrix can be
regarded as an effective and attractive way to improve the mechanical strength.
However, the addition of Fe did not improve the plasticity of Mg-Zn-Ca BMG.

It is worth mentioning that Mg-Zn-Ca BMG exhibits good plasticity with the
addition of rare earth elements [35]. Figure 8 displays the compressive stress-strain
curves of Mg-Zn-Ca BMG with rare earth Y. The Mg-Zn-Ca glassy alloy also exhibits
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Figure 7.
The compressive stress-strain curves of Mg-Zn-Ca BMG and Fe@Mg-Zn-Ca BMG composites at room
temperature [34].
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Figure 8.
Engineering strain-stress curves of the Mggy_Zn,,Ca,Yy: (a) x = 0, (b) x = 1, (¢c) x = 2 at.% [35].

linear elastic behavior and it only fails in the absence of macroscopic yielding and
plastic strain. However, the addition of Y can significantly improve fracture strength.
Fracture strength increases from 550 to 1012 MPa (80% increment) with the addition
of 1at.% Y, which is four times higher than that of traditional magnesium alloys and
26% higher than Mg-Zn-Ca metallic glass. The Mg-Zn-Ca-Y Mg-Zn-Ca BMG also
exhibits an excellent capacity for plastic strain, above 3.1%, which is 2.5 times higher
than the capacity of Mg-Zn-Ca metallic glass. However, the biocompatibility of rare
earth elements is still unclear. So rare earth elements as biomedical materials are still
very controversial.

More mechanical properties of Mg-Zn-Ca BMG and their composites via different
methods are summarized in Table 2. It is worth noting that the mechanical properties
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System of oy A (%) H, Ref
MgeoZn3sCas 571 — — — [31]
Mge;ZnysCas 432 — — — [31]
MgesZnygCay 828 1.28 — [36]
Mg7oZn,sCas 642 — 0.4 — [36]
MggoZny5Cas 513 3.58 [36]
MggeZnzoCay 716-854 — — — [37]
Mg;1Zn,5Ca, 672-752 — — — [37]
MggoZns4Cag — 888 — 296 + 25 [38]
Mg73Zny3Cay — 636 — 212 +19 [38]
MggsZnzoCay 378-587 — — 257-263 [22]
Mg-Zn-Ca-Cu 583-797 — — o [39]
MggoZn3sCas/Ti 807 — — — [31]
Mge;Zn,5Cas/Ti 690 — — — [31]
Mge6Zn30Cas Sty 787-848 — — 2.45-2.51 [20]
Mg-Zn-Ca-Ga >600 — — — [40]

of: Compressive fracture strength, 6y: compressive yield strength, A: elongation, H,: microhardness.

Table 2.
The mechanical properties of Mg-Zn-Ca BMG and their composites.

of Mg-Zn-Ca BMG are differently prepared by different methods. The

mechanical properties of Mg-Zn-Ca BMG composites are highly dependent on the
inherent properties of the second phase of reinforcement and its volume fraction.
However, the plasticity of Mg-Zn-Ca BMG is still not ideal and needs more researches
to overcome it.

3.2 Corrosion properties

Crystalline Mg and its alloys show poor corrosion resistance in body liquid, which
leads to a fast degradation rate and an uncontrollable hydrogen release. Because of the
active chemical reaction between the alloys and the body fluid, the biomedical appli-
cation of Mg-based alloys is extremely limited. Due to the unique atomic configura-
tion in the absence of translational and rotational symmetry down to sub-nanoscale,
Mg-based BMGs exhibit better corrosion resistance compared with crystalline alloys.
However, they still cannot meet the clinical needs. Cardiovascular and orthopedic
applications are the most important applications of Mg-based alloys, however, for the
bioabsorbable cardiovascular and orthopedic applications, it should degrade slowly in
the early stage of implantation. Vascular and orthopedic remodeling is generally
completed in 90 and 120 days, respectively. After that, it should gradually degrade at
an appropriate rate so that the degradation products do not cause adverse reactions in
the surrounding tissues. Generally speaking, a full absorption of the cardiovascular
and orthopedic applications is expected within two years. Obviously, it cannot be
achieved for the current Mg-based alloys and BMGs. Therefore, improving the
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corrosion resistance of Mg-based BMGs is still the biggest challenge. The effective
ways to improve the corrosion resistance of Mg-based BMGs are introducing other
alloying elements [40] and preparing surface coating [41].

The researchers introduced Ga into Mg-Zn-Ca and investigated the corrosion
behavior in Figure 9. According to the results of electrochemical tests and immersion
tests, it can be seen that with the increase of Ga addition, Mg-Zn-Ca-Ga metallic
glasses have significantly higher corrosion potential and lower corrosion current den-
sity corresponding to higher corrosion resistance. The addition of element Ga can help
to form a dense oxide or hydroxide film on the metallic glasses. Ga thus improves the
anticorrosion performance of Mg-Zn-Ca metallic glass.

The methods for preparing the coating mainly include plasma spraying, pulsed
laser deposition, sol-gel method, electrochemical deposition, and so on. Among these
methods, electrochemical deposition is popular because of the relatively low deposi-
tion temperature, controllability for a coating composition, and fast deposition rate. In
this part, take the electrochemical deposition method as an example. The researchers
synthesized a series of calcium phosphate (CaP) coatings on Mg-Zn-Ca metallic glass
via the electrodeposition method. Among all bioactive coatings, calcium phosphate
(CaP) compounds exhibit outstanding biocompatibility and low toxicity. However,
the coating thickness, chemical composition, and morphology will strongly influence
the biological activity and degradation rate. Different voltages will influence the
coating thickness and morphology. In this work, different voltages including —3.3 V,
—3.5V, and — 3.7 V are carried out to prepare coatings with different coating thick-
nesses. Figure 10 displays the SEM morphologies of surface and cross-section of
electrodeposited coating under different voltages. The flake-like morphology CaP
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Figure 9.

(a) Open circuit potential (OCP) curves, (b) Nyquist plots, and (c) potential dynamic polarization (PDP) curves
of different Mg-Zn-Ca-Ga metallic glasses (Gao, Gao.25, Gao.50, Gao.75, Ga1.00, and Ga1.25) tested in
hanks’ solution at 37°C, (d) electrical equivalent circuit (EEC) used in the fitting of EIS vesult [40].
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Figure 10.

The SEM morphologies of samples: (a1) (a2) CaP-3.3 V, (b1) (b2) CaP-3.5V, and (c1) (c2) CaP-3.7 V and
the cross-section morphologies of (a3) CaP-3.3 V, (b3) CaP-3.5 V, and (c3) CaP-3.7 V. the corresponding EDS
results are provided in (a4), (b4), and (c4) [42].

coatings are formed on the substrate under different electrodeposited voltages. The
thicknesses of CaP coating are 3.6 & 1.6 pm, 8.3 £ 2.1 ym, and 31.1 £ 6.8 pm under
different electrodeposited voltages of —3.3 V, —3.5V, and —3.7 V, respectively. The
result indicates the CaP coating is increased with the increase of electrodeposited
voltage. Electrodeposited CaP coating can effectively inhibit the reaction between
sample surface and liquid environment.

Figure 11 shows the electrochemical results of different electrodeposited CaP
coating on Mg-Zn-Ca metallic glass in different samples. From Figure 11(a), the
open-circuit potential (OCP) of CaP coating samples is higher than that of Mg-Zn-Ca
metallic glass, which indicates higher corrosion potential. In results of fitted electro-
chemical impedance spectroscopy (EIS) data (Figure 11(b) and (d)), comparing with
the electrodeposited coating samples, Mg-Zn-Ca metallic glass exhibits a significantly
smaller capacitive loop and polarization resistance value (3516 Q cm?”). The polariza-
tion resistance of the sample CaP-3.3 V increased to 5701 Q cm?, which is slightly
higher than that of the Mg-Zn-Ca metallic glass substrate. When the electrodeposition
voltage was 3.5 V, the polarization resistance of sample CaP-3.5 V reaches the highest
value of 27,110 Q cm?. As the electrodeposition voltage further increased to 3.7 V, the
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Figure 11.

The electrochemical vesults of different samples. (a) OCP curves, (b) Nyquist plots, (c) PDP curves, and (d) bode
Nyquist plots tested in Hanks’ solution [42].

polarization resistance of sample CaP-3.7 V dropped to 14,454 Q cm’. According to
the EIS fitting parameter (R,), the corrosion resistance of samples CaP-3.3 V, CaP-
3.5V, and CaP-3.7 V are 1.6 times, 7.7 times, and 4.1 times higher than that of the Mg-
Zn-Ca metallic glass. Figure 11(c) shows that the value of Mg-Zn-Ca metallic glass is
significantly lower than that of electrodeposited coating samples, this result indicates
that the electrodeposited CaP coating can effectively inhibit the electrochemical reac-
tions on the sample surface, thus reducing the corrosion rate.

Although a great deal of research has been carried out on the corrosion of Mg-
based BMGs, it is worth mentioning: the research on the corrosion mechanism of Mg-
based BMGs is still in the early stage, so it is a great challenge to further study the
corrosion mechanism of degradable medical Mg alloys.

3.3 Biocompatibility

For implant materials, biocompatibility is the most important evaluation index. It
is necessary to ensure that the material is completely nontoxic before further research
is necessary. Numerous studies have been conducted on the biocompatibility of
Mg-Zn-Ca BMGs both iz vivo and in vitro.

The system of Mg-Zn-Ca BMGs has been proven with excellent biocompatibility.
Figure 12 shows the animal studies in the abdominal walls and cavities (two tissue
types apiece) of domestic pigs to evaluate the tissue reactions of the Mg glass during
degradation and the hydrogen evolution iz vive. Mg-Zn-Ca BMGs discs, together with
a crystalline reference Mg alloy (WZ21), were implanted and analyzed after 27 and
91 days. Around both materials, a fibrous capsule, typical of wound-healing processes
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Figure 12.
Animal studies of Mg-based BMG in comparison with a crystalline Mg alloy reference sample. Mg-Zn-Ca BMG
(a) and (c) and crystalline Mg alloy veference (WZ21) (b) and (d) [25].

after implant surgery, has developed in all four different tissue types (see the white
arrows). Within the capsules, however, gas cavities formed by hydrogen evolution (as
indicated by the black arrows in Figure 12(b) and (d)) are only observed around the
crystalline Mg discs. In contrast, no tissue-imprinted hydrogen gas cavities have
formed in the histological preparations of the glassy Mg-Zn-Ca samples (see Figure 12
(a) and (c)). As no inflammatory reaction was observed for any of the implants, the
animal tests show that the biocompatibility of Mg-Zn-Ca metallic glass as good as the
crystalline Mg alloy [25].

The biocompatibility of Mg-Zn-Ca BMG in vitro has also been studied. According
to ISO 10993-5: 2009, Mg-Zn-Ca BMG and Mg-Zn-Ca (with 10% content of Fe) BMG
composite specimens immersed into high glucose Dulbecco’s modified eagle medium
(HGDMEM) (Hyclone) supplemented with 10% fetal bovine serum (FBS and Gibco)
and penicillin/streptomycin (PS, Gibco). Raw264.7 cells were seeded in a 24-well plate
with a concentration of 1.6 x 104/ML and replaced with a prepared extract after 24 h
and cultured for 1, 3, and 5 days. Cells were washed with PBS three times, 500 pl
mixed dye was added to each well, and cells were cultured in a cell incubator for
15 min. Live/dead BacLight (Invitrogen) was used to detect the live or dead Raw264.7
cells. Then observe the cell fluorescence by fluorescence microscopy. Green respects
living cells and red means dead cells.

Figure 13(a) shows the numbers of RAW264.7 cells culturing in extract of Mg-Zn-
Ca BMG and Mg-Zn-Ca BMG composites with addition of Fe for one day, three days,
and five days. The number of cells increases significantly from day one to day five,
which proves that the two materials are nontoxic and with good biocompatibility
for RAW264.7 cells. Figure 13(b) presents the quantitative results in Figure 13(a).
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Figure 13.
(a) Live cell staining assay and (b) cell proliferation after culturing RAW 264.7 measured for one day, three days,
and 5 days [34].

With the addition of Fe, the absorbance value becomes higher proves the addition of
Fe is beneficial to cell proliferation.

Figure 14(A) shows the representative gross sagittal image of a harvested rabbit
femur exposing the surgical implant site. All the implanted rods were found to be
well-fixed inside the bone tunnel with no evidence of loosening. Before they were sent
for histological sectioning, all rods were removed manually. The results show remark-
able new bone formation surrounding the Mg-Zn-Ca BMGC and Ti6Al4V alloy at 12
and 24 weeks after implantation (Figure 14(B)). In contrast, many osteoblasts are
found surrounding the Mg-Zn-Ca BMG and Ti6Al4V alloy rods compared to PLA. No
inflammatory cells such as leukocytes or macrophages are localized at the implant
sites, signifying good biocompatibility for Mg-Zn-Ca BMG. All rabbits demonstrated
good health before sacrificing with no evidence of local (surgical site) or systemic
inflammation.

A conclusion can be drawn from the above results, no matter whether iz vivo or
in vitro, Mg-Zn-Ca BMG shows superior biocompatibility. With an improved biodeg-
radation rate, excellent biocompatibility, and most importantly, osteogenic ability,
Mg-based BMG has great potential for future surgical implant development and
application.

4, Conclusions

A large number of studies have shown that Mg-based bulk metallic glasses had a
huge application prospect in the field of biodegradable biomaterials. For biodegrad-
able applications, they will degrade gradually in human body after completing their
temporary mission (would dissolve completely upon fulfilling the mission of fixing or
supporting) during which arterial/bone remodeling and healing would occur. They
can be used as a scaffold and bioresorbable implants because they offer an excellent
combination of mechanical properties, low degradation rate, and biocompatibility.
Through different methods to improve the mechanical properties and corrosion resis-
tance of Mg-based bulk metallic glasses, great progress has been made. However,
brittle fracture and fast corrosion rate of metallic glass have not been completely
solved, which is the biggest obstacle limiting its application. Despite better resistance
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(A). Gross image of harvested rabbit femur indicating the surgical implanted site of Mg-Zn-Ca BMG, Ti6Al4V,
and PLA. The fixation rod was first removed before sent for histologic section. (B) Histological images of the
implanted site at 12 weeks and 24 weeks. Black arrows indicate new bone formation [43].

to degradation, more suitable mechanical properties, and biocompatibility, the devel-
opment of magnesium-based bulk metallic glasses for biomedical applications is still
in the stage of infancy. From the processing point of view, challenges remain in
obtaining a bulk sample that is a sample that is sufficiently large enough to be of use.
What is certain, however, is that the biocompatibility of Mg-Zn-Ca metallic glass
system has been fully recognized by implanting in animals experiments. Although
initial degradation studies showed promising results compared to their crystalline
counterparts, the mechanism behind their iz vivo degradation is not yet well under-
stood. Mg-based bulk metallic glasses certainly are promising candidates for future
biomedical applications. Breakthrough in processing methods to obtain a sufficiently
large bulk metallic glass without compromising the amorphous structure should pave
the way for accelerated research as a substitute for current biomaterials and in
targeted engineering applications.
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