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Abstract

As the lightest structural metal and one of the most abundant metallic elements on earth, magnesium (Mg) has been used as an “industrial
metal” for lightweighting in the transportation and electronics industries, in addition to other traditional applications in aluminum alloying,
steel desulfurization and protective anodes. In recent years, research has shown significant potential for Mg to become a “technology metal”
in a variety of new applications from energy storage/battery to biomedical products. However, global Mg production has shown steady but
moderate growth in the last three decades. Mg applications as an industry metal are still limited due to some sustainability concerns of
primary Mg production, as well as a number of technical issues related to the structural and corrosion performance of commercial Mg alloys.
New Mg applications as an industrial or technology metal face tremendous technical challenges, which have been reflected in the intensified
global research efforts in the last twenty years. This paper will review some past and present applications, and discuss future opportunities

and challenges for Mg research and applications for the global Mg community.
© 2023 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Magnesium (Mg) is the fifth most abundant metallic ele-
ment in earth’s crust (about 2%) and the third most abun-
dant in seawater (about 0.13%). According to the United
States Geological Survey [1], resources from which Mg may
be recovered range from large to virtually unlimited and
are globally widespread. Resources of dolomite, serpentine,
and Mg-bearing evaporite minerals are enormous. Mg-bearing
brines are estimated to constitute a resource in the billions of
tons, and magnesium could be recovered from seawater along
world coastlines.

The Mg metal was first produced in England by Sir
Humphry Davy in 1808 using electrolysis of a mixture of
magnesia and HgO. Table | shows that the world Mg pro-
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duction has reached a total production of over one million
metric tons in 8 countries, with China leading in produc-
ing about 90% of the world supply. The production process
used in China is a silicothermic reduction process called Pid-
geon process, originally developed by a Canadian chemist
Lloyd Pidgeon. This is a batch process in which dolomite
(Ca,Mg)COs; is finely powdered and calcined, as shown in
Reaction (1), mixed with ferrosilicon (Fe,Si) and briquetted,
and then charged in retorts made of nickel-chrome-steel alloy.
The calcium oxide present in the reaction zone scavenges the
silica formed, Reaction (2), releasing heat and consuming one
of the products, thus helping push the main reaction (2) to
produce the Mg vapor.

Dolomite calcining: (Ca,Mg)COs (s)
— Ca0.MgO (s) + CO; (g) (D

Main Reaction: (Fe,Si)(s) + MgO(s)
< Fe(s) + SiOx(s) + Mg (2) (2)
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Table 1
Mg metal production in 2021 and 2022 (unit: thousand metric tons) [1].

Year Brazil China Israel Kazakhstan Russia Turkey Ukraine USA Total*

2021 20 930* 18 16 584 13 10 W 1070
2022% 20 950 22 15 50 13 2 W 1080
* Estimated.
* World total excluding U.S. production.
** Withheld to avoid disclosing company proprietary data.
Chemical Uses — Nodular Iron
Other uses Gravity Casting

Electrochemical
Wrought Products
Metal Reduction

Die Casting

Desulfurization

Fig. 1. Industrial applications of magnesium and magnesium alloys.

The hot reaction zone portion of the retort is either gas-
fired, coal-fired, or electrically heated in a furnace, while the
condensing section equipped with removable baffles extends
from the furnace and is water-cooled. Due to distillation, very
high purity Mg crowns are produced, which are then refined
and cast into ingots. However, this process is very energy-
intensive and inherently releases significant amounts of CO,,
averaged at about 21.8 kg COyeq/kg Mg [2].

With a density of 1.74 g/cm®, Mg is the lightest of all
commonly used structural materials, lighter than aluminum
but similar to carbon fiber reinforced polymers (CFRP) or
glass fiber reinforced polymers (GFRP). Mg has found many
industrial applications, as shown in Fig. 1, such as die casting,
aluminum alloying, steel desulfurization, metal reduction, etc.
In recent years, research has shown significant potential for
Mg to become a “technology metal” in a variety of new ap-
plications from energy storage/battery to biomedical products.
Fig. 2 shows that the world demand for Mg has seen steady
but moderate growth in the last 20 years [2] Specifically, the
automotive share of Mg applications has not grown as many
predicted, in some cases, losing to other materials.

In the last decades, the global energy and transporta-
tion industries are facing increasingly pressing sustainability
challenges. Fossil fuels, including coal, oil, and natural gas,
have been powering economies for over 150 years, and cur-
rently supply more than 80% of the world’s energy. Major

transportation original equipment manufacturers (OEMs) and
governments around the world have made commitments to
carbon-zero/neutrality by 2035-2050. Therefore, the embod-
ied energy of a material, i.e., the energy of the fossil fuel con-
sumed to produce 1 kg of the material, has become a critical
criterion for its selection in industrial applications. As shown
in Fig. 3, despite the low-density advantage of Mg, it has
a very high embodied energy (second only to titanium), due
to the high energy consumption and inherent CO, emissions
of the Pidgeon process. Thus, there is an increasing concern
for OEMs to select/increase Mg’s use for lightweight appli-
cations.

Going forward, in order to map out the future for Mg, we
must understand where it is now compared with other metals
in world production and applications. Fig. 4 shows the world
metal production in 2021 [5] with iron/steel dominating and
Al leading the “industrial metal” production. With an annual
output about 1 million tonnes, Mg is a very small industrial
metal, which is about 1.5% of Al production. On the other
hand, Mg is not considered a “technology and precious metal”
(such as Li) where it is used in high-valued applications, de-
spite low tonnage in many cases.

The current drive for clean energy and environmental sus-
tainability has posed significant challenges to Mg, both as an
“industrial metal” for its traditional applications and a “tech-
nology metal” for future applications. This paper will discuss
the future opportunities and challenges for Mg research and
applications for the global Mg community responding to these
unprecedented challenges. It will also provide an overview of
recent Mg alloy development and process innovations at The
Ohio State University in collaboration with its industrial part-
ners, for structural and biomedical applications.

2. Magnesium applications

2.1. Historical and present applications as an industrial
metal

While magnesium can be used for alloying and chemi-
cal applications (Fig. 1), this section is more concerned with
lightweight applications in automotive, aerospace, electron-
ics and other industries. The first automotive application of
magnesium can go back to more than 100 years ago when
Dow Chemical built their racing engine pistons and won the
Indy 500 in 1921 (Fig. 5a). This was followed by the famous
engine block in the Volkswagen Beetle in mid 1930’s. The
first use of Mg in airplanes was probably Mg sheet in Focke-
Wulf 200C-3 Condor as early as 1935 [6]. During World
War 1II, the U.S. and British military aircraft used sand cast
Mg wheels. In 1950's B-36 Bomber had extensive use of
12,200 1bs Mg sheet; 1500 Ibs Mg forgings; and 660 Ibs. of
Mg castings (Fig. 5b) [6]. Since then, Mg applications as a
lightweight material has been up and down during the last
century.

Over the last few decades, extensive research and devel-
opment efforts by the automotive manufacturers, Mg and
component suppliers have resulted in many applications of
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Mg alloys in automotive interior, chassis, body and power-
train systems [7] A recent review article published in this
journals provided a good summary of automotive Mg appli-
cations around the world [8]. Despite the large number of
applications which have been explored or used with Mg at
different times, it remains a relatively small percentage of the
materials in a typical vehicle as shown in Fig. 6, which was
16 Ibs (7.3 kg and ~ 0.4% of total vehicle weight) in 2022
and projected to grow to 18 Ibs in 2026. There are many rea-
sons for the lack of use including the high cost and limited
supply based of Mg (at least in North America and Europe),
low formability limiting its use in sheet metal components,
low corrosion resistance, and limited overall design and man-

of materials per unit mass [4].

ufacturing experience with the material compared with steel
or aluminum alloys.

Although Mg has been attractive to aerospace and aviation
industries with numerous historical applications (mostly in
military aircraft), there are some drawbacks, such as flamma-
bility, ignition temperature, and corrosion resistance, that lim-
ited its use in modern commercial aviation. In fact, Mg had
been banned from aircraft seat application by the U.S. Fed-
eral Aviation Administration (FAA) [10] until 2015 when the
Society of Automotive Engineers (SAE) issued a new per-
formance standard AS8049C that permits the use of Mg al-
loys in aircraft seat components [11]. However, the current
International Air Transport Association (IATA) regulations
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Fig. 6. Average material content evolution from 2022 to 2026 [9].

still restrict the use of Mg to non-structural applications due
to potential problems with corrosion. Thus, Mg castings are
used in some engine auxiliary components and transmission
housing. The improved mechanical properties and corrosion
resistance of new Mg alloys developed in recent years could
lead to more Mg aerospace applications in the future. A recent
global aerospace magnesium alloys market study [12] sug-

gested that this market was valued at US$ 201.7 million in
2022 and was projected to reach US$ 325.6 million by 2029,
at a compound annual growth rate (CAGR) of 7.1% during
the forecast period.

As an industrial metal, Mg has been successful in replac-
ing plastics and polymers as casing material for electronic and
consumer products where its electromagnetic shielding char-
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acteristics, heat dissipation capacity and machinability can ex-
tend the lifetime of these high-volume products. Similarly, Mg
is replacing steel and Al in many applications such as elec-
tronic/consumer products, hand tools, safety protection (e.g.,
helmet) and construction equipment (e.g., formwork) where
its low density is important consideration.

2.2. Emerging applications as a technology metal

In the last decade, research has shown significant poten-
tial for Mg to become a “technology metal” in a variety of
new applications from biomedical products to energy stor-
age/battery.

Mg has gained significant attention in recent years as a
potential material for biodegradable implants [13,14]. The
motivation for choosing biodegradable implants over non-
degradable metallic implants like titanium (Ti) alloys, cobalt-
chromium (Co-Cr) alloys, and stainless steel stems from is-
sues such as stress shielding, metal ion release, and secondary
infections [15]. Additionally, the long healing time and non-
degradability of non-biodegradable implants often require a
secondary surgery for removal or replacement after healing
[16].

A comprehensive report by Frank Witte titled “History of
Biodegradable Magnesium Implants” chronicles the various
attempts and limitations in early research on biodegradable
Mg alloy applications up until the 1980s [17]. Notable ex-
amples of cardiovascular and musculoskeletal applications of
biodegradable Mg alloys and the limitations of their clini-
cal use are mentioned in the report. Commercially available
clinical applications began with the introduction of the ab-
sorbable magnesium stent, DREAMS 2G, by Biotronix in
2005. Biotronix conducted feasibility and stability evalua-
tions by implanting these stents into 123 patients with coro-
nary artery disease, using one stent per patient. Clinical re-
sults demonstrated complete degradation after 9 months post-
implantation, and stability was confirmed through follow-up
examinations after 12 months, leading to CE (Conformite Eu-
ropeene) certification. In 2016, it became the first biodegrad-
able Mg alloy stent to be sold in Europe under the brand
name Magmaris® [18,19]. Other commercial products in the
form of screws include MAGNEZIX® (Syntellix AG, Ger-
many) and RESOMET/K-MET™ (U&I Corporation, Korea)
[20]. In 2013, Magnezix® became the first approved and CE-
certified biodegradable screw manufactured using the powder
metallurgy (PM) route. This Mg screw, made of uncoated
Mg-Y-RE-Zr alloy, received approval for bone fixation and
fragments [21,22]. In 2015, another Mg alloy (Mg-Ca-Zn al-
loy) screw, RESOMET/K-MET (U&I, Korea), was approved
in Korea for successful knuckle fixation with no complica-
tions [23]. In May 2020, Dongguan Eontec Co., Ltd. China
obtained a CE certificate for a high-purity magnesium screw.
Furthermore, various studies have reported that the released
Mg ions during the degradation process can promote the pro-
liferation of osteoblasts and enhance bone formation [24-27].

Although lithium-ion batteries currently power our cell
phones, laptops and electric vehicles, New battery chemistries

are constantly sought out to offer increased energy, greater
stability and longer lifetimes. One potential promising ele-
ment that could form the basis of new batteries is Mg, and
Mg-ion batteries could one day play a major role in powering
our future, due to its lower cost and a more abundant and ro-
bust supply chain. In principle, Mg-ion batteries function very
similarly to current Li-ion batteries. Mg ions are shuttled be-
tween a negative anode (Mg metal) and a positive cathode,
made of a metal-oxide material, which allows electrons to zip
around an external circuit and become a battery (Fig. 7).

However, the limited development in electrolytes and cath-
odes has prevented their commercialization to date. The
schematic in Fig. 8 shows an overview of the available Mg
battery electrolyte choices in each category, and the advan-
tages/disadvantages associated with each of them. In each
category, potential pathways for developing electrolytes with
state-of-the-art performance metrics are highlighted.

Magnesium hydride (MgH,) has a notable attribute of
higher gravimetry capacity of 7.2% (mass) and lower cost
compared to certain high value elements such as Li [29]. Sev-
eral investigations showed that Mg based alloys have higher
potential due to its light weight and the capacity to store
higher volumetric density of hydrogen. However, the hy-
drogenation/dehydrogenation cycle was sluggish and requires
higher operating temperatures (>300 °C). The thermodynam-
ics of the hydriding reaction can be explained using pres-
sure, concentration, and temperature (PCT) diagram shown in
Fig. 9(a) [30]. At a given pressure, higher temperature is
needed (T4 to T1) to achieve a better kinetics of the hy-
drogenation process. The B8-MgH, has a reaction enthalpy of
—74.5 KJ/mol H, (stable hydride region), which requires a
temperature of 278 °C for dehydrogenation. The Van’t Hoff
plot shows the relation between the pressure and temper-
ate, where the slope of the linear fit indicates the enthalpy
(AH) of the hydrogenation reactions. Reducing the AH val-
ues to 20-50 KJ/mol H, would be the ideal for mobility
applications [29].

As discussed in the above section, the magnesium industry
is at a crossroads, 1) facing severe competition, as an “indus-
trial metal”, from major industrial materials such as steel,
aluminum, plastics and carbon-fiber reinforced composites;
and 2) many technical challenges to emerge as a “technology
metal” for biomedical and energy applications. The follow-
ing sections summarize the strategies and recent research for
magnesium to grow as an industrial metal and a technology
metal in the future.

2.3. Life cycle assessment and sustainability

In 2013, the International Magnesium Association (IMA)
published a study “Life Cycle Assessment (LCA) of Magne-
sium Components in Vehicle Construction” which was written
by the Institute of Vehicle Concepts of the German Aerospace
Centre (DLR) [32]. The study analyzed the entire life cycle of
Mg components for transportation applications, including the
production of primary Mg, alloying, component production,
use phase and the end-of-life of Mg components. The focus
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Fig. 7. A schematic illustration of Mg-ion battery [28].
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of the study was the use of Mg in passenger vehicles, with
additional examples of Mg use as aircraft component evalu-
ated. In 2011, the Pidgeon process in Mg production yielded
a weighted greenhouse gas emission of 25.8 kg COoeq/kg Mg
[32]. Since Mg production and especially the Pidgeon process
in China has seen continuous improvements, an update of the
LCA study, based on the data provided by China Magnesium
Association (CMA) on Pidgeon process in China, was pub-
lished in 2020 [2]. Fig. 10 shows the total greenhouse gas
emissions of the Pidgeon process. The calculation included
all upstream processes like FeSi or fuel gas production, and
the results are shown for each step of the Pidgeon process
and for the scenarios which reflect the use of four different
fuel gases. For better transparency, the impact of the produc-
tion of dolomite, FeSi and CaF, are shown separately. De-
spite the continuous improvements in process efficiency, the
greenhouse emissions of the Pidgeon process remain high,
averaged at about 21.8 kg COqq/kg Mg [2], which is signif-

icantly higher than 4 kg COjq4/kg Al in hydropower-based
aluminum production [33]

On the other hand, the use of secondary materials is a
critical factor in their LCA and sustainability. Although there
are established end-of-life (EOL) recycling loops for major
industrial metals such as steel and aluminum, such a loop for
Mg recycling has not been established due to the limited Mg
content in EOL products such as scraped vehicles. However,
Mg scrap generated during manufacturing such as die casting
is recycled in-house (on manufacturing sites) or shipped to
dedicated recycling plants. Fig. 11 shows that the two Mg
recycling plants in Europe have significantly lower emission,
about 0.4 kg COgq/kg Mg, than primary Mg production.

Presently, Mg is losing its favor as a lightweight mate-
rial to many automotive and aerospace original equipment
manufacturers (OEMs) due to its sustainability and supply
base concerns. For Mg to become a major industrial metal or
grow as a technology metal, low-carbon production process
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is needed. It is suggested to improve the sustainability of Mg
in the future:

1) Traditional Pidgeon process production needs to be dramat-
ically improved or gradually phased out due to its inherent
CO, emissions.

2) More production of Mg is needed using electrolytical or
non-carbon thermal reduction processes.

3) Increased recycling especially EOL Mg to produce sec-
ondary alloys to achieve material circularity.

4) Mg alloy design and development for recycling and sus-
tainability (e.g., with more tolerance of impurity due to
EOL recycling.

3. Recent advances in magnesium alloy development
3.1. Cast alloy development

The conventional cast Mg alloys, including Mg-Al-Zn
(AZ), Mg-Al-Mn (AM) and Mg-Al-RE (AE) [34,35], are
widely used due to the excellent castability and low cost,
but lack strength compared to cast Al alloys. Additionally,
it is difficult to achieve significant aging response in these
alloys since the number density of main precipitate phase
(Mg7Al}) is relatively low and not effective in impeding
dislocation gliding. Over the last couple of decades, many
new Mg alloys containing Ca, Sn, Si and various RE ele-

ments have been developed to offer improved strength for
high pressure die casting and other casting processes. Table 2
summarizes the nominal compositions and tensile properties
of some of these new alloys in comparison with commer-
cial alloys (AZ91D, AMS0 and AE42). The following points
highlights potential areas for future research.

1) For high pressure die casting (HPDC) applications, Mg-
Al-Ca alloys show significantly improved tensile yield
strength, elongation, and creep resistance. Mg-Ce-Mn al-
loys offer excellent elongation and reasonable strength.
Mg-Al-Sn alloys provide potential for age-hardening.
These alloys can be further optimized for castability and
corrosion resistance.

2) For sand casting applications, NZ30K alloy provides ex-
cellent tensile strength and ductility after heat treatments
(T6 and T7). This alloy has seen some commercial appli-
cations.

3) Mg-Zn-Ca based alloys have shown outstanding mechani-
cal properties and corrosion resistance in squeeze casting
conditions, promising both structural and biomedical ap-
plications.

4) The addition of Gd to Mg can lead to great precipitation
potential, thus, Mg-8Gd-3Y-0.5Zr* (GW83K) alloy reaches
outstanding yield strength (236 MPa) and ultimate ten-

2 all compositions are in weight percentage unless otherwise stated.
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Table 2
Nominal compositions and tensile properties of cast magnesium alloys.
Alloy Manufacturing process YS (MPa) UTS (MPa) Elongation (%) Ref
AE42 (Mg-4Al-2RE) high pressure die casting 137 226 11 [35]
AMS50(Mg-5A1-0.5Mn) high pressure die casting 116 205 9
AX51(Mg-5Al-1Ca) high pressure die casting 128 192 6.7
AX52(Mg-5A1-2Ca) high pressure die casting 161 228 13
AXS53(Mg-5A1-3Ca) high pressure die casting 186 250 9
AZ91D(Mg-9Al1-1Zn-0.3Mn)-F high pressure die casting 160 250 6
Mg-4Ce-0.5Mn high pressure die casting ~137 ~150 ~1.5% [36]
Mg-4Ce-1A1-0.5Mn high pressure die casting ~135 ~177 ~2.8%
Mg-4Ce-2Al1-0.5Mn high pressure die casting ~130 ~239 ~12.6%
Mg-4Ce-3A1-0.5Mn high pressure die casting ~145 ~252 ~14.2%
Mg-4Ce-4Al-0.5Mn high pressure die casting ~155 ~262 ~12.9%
Mg-4Ce-5A1-0.5Mn high pressure die casting ~152 ~265 ~12.5%
Mg-4Ce-6Al1-0.5Mn high pressure die casting ~150 ~258 ~9.5%
AZ91D(Mg-9Al1-1Zn-0.3Mn)-F high pressure die casting 160 230 3 [37]
AM60B(Mg-6Al-0.3Zn)-F high pressure die casting 130 220 8
AT72(Mg-7Al1-2Sn)-F high pressure die casting 142.9 214.9 6.4 [38]
AT72(Mg-7Al-2Sn)-T4 high pressure die casting 87.9 249.0 11.8
AT72(Mg-7A1-2Sn)-T6 high pressure die casting 118.0 227.1 4.5
ATS(Mg-7Al1-2Sn-0.4Si)-F high pressure die casting 156.8 &+ 4.5 2322 £ 4.8 42 £04 [39]
ATS(Mg-7Al-2Sn-0.4Si1)-T6 high pressure die casting 154.0 &£ 2.9 2527 £ 154 49 £ 1.1
AZ91D(Mg-9Al-1Zn-0.3Mn)-T6 sand casting 131+4.2 243+4.6 4.2+0.6 [40]
NZ30K(Mg-3RE-0.3Zn-0.5Zr)-F sand casting 92 9.5% [41]
NZ30K(Mg-3RE-0.3Zn-0.5Zr)-T4 sand casting 88 15.6%
NZ30K(Mg-3RE-0.3Zn-0.5Zr)-T6 sand casting 165 6.9%
NZ30K(Mg-3RE-0.3Zn-0.5Zr)-T7 sand casting 138 12.7%
Mg-4Zn-0.5Ca squeeze casting 115+ 6 202 + 8 15+2 [42]
Mg-4Zn-0.5Ca-0.4Mn squeeze casting 153 £5 234 £ 6 17+ 2
Mg-4Zn-0.5Ca-0.8Mn squeeze casting 201 £ 6 280 + 5 22 £2
GW83K(Mg-9Gd-3Y-0.4Zr)-T4 semi-continuous casting 132 £ 3 245 + 4 162 + 24 [43]
GW83K(Mg-9Gd-3Y-0.4Zr)-T6 semi-continuous casting 236 £ 5 350 £ 7 3.1 £05
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Fig. 12. (a) Comparison of extrudability among AM30 alloy, other extruded magnesium alloys and AA6063 alloy, (b) comparison of tensile properties between

AM30 alloy and AZ31 alloy [45].

sile strength (350 MPa) after T6 treatment. The outstand-
ing tensile properties result from concurrent strengthening
of precipitation and long period stacking ordered (LPSO)
phases.

3.2. Extrusion alloy development

While high pressure die casting is the dominant process
for current Mg structural applications, wrought Mg alloys are
receiving increasing attention, to achieve improved mechan-
ical and physical properties, crash performance and corro-
sion resistance. Commercially available wrought Mg alloys,

such as Mg—6Al-1Zn (AZ61) and Mg-6Zn-0.5Zr (ZK60),
exhibit yield strengths comparable to those of AA6063 al-
loy [44]. However, in comparison to Al extrusion alloys such
as AA6063, those Mg alloys exhibit significantly lower ex-
trudability as shown in Fig. 10(a), thus requiring extrusion
at lower speeds and within a narrower range of extrusion
temperatures. The limited extrudability of wrought Mg al-
loys results in lower production efficiency and higher costs
compared to Al extrusion alloys. By reducing the Al con-
tent, AZ31 exhibits an improved extrudability as compared
with AZ61 and ZK60 alloy. But its extrudability is still much
lower than AA6063 alloy as shown in Fig. 12(a). AM30 (Mg-
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3Al-0.4Mn) is a recently developed wrought magnesium alloy,
which has a good balance of strength, ductility, extrudability
[45]. As compared to AZ31 in Fig. 12(b), AM30 alloy offers
up to a 50% improvement in ductility at temperatures up to
200 °C, while maintaining similar yield and tensile strengths.
Additionally, the maximum extrusion speed of AM30 is 20
to 50% higher than that of AZ31, resulting in improved ex-
trudability as shown in Fig. 10(a).

Small additions of RE elements have been shown to be
an effective approach for enhancing the mechanical proper-
ties of Mg alloys. Recent studies have reported a significant
increase in elongation of pure magnesium with the addition
of only 0.2% cerium [46]. The addition of Ce, similar to Y
additions, has been found to enhance the slip of non-basal
(a) dislocations [47]. However, the strength of Mg-0.2% Ce
alloy is still low for structural applications. With further al-
loying with Zn, a new wrought Mg-2Zn-RE (ZE20) alloy
with excellent extrudability was developed [48]. The addition
of Zn provides solid solution strengthening, while the influ-
ences of both Zn and Ce are independently realized in these
ternary alloys. Fig. 13a and b are electron backscatter diffrac-
tion (EBSD) inverse pole figure (IPF) maps showing that the
grain size and morphology are nearly isotropic along both ex-
truded direction and transverse direction in ZE20 tube walls
extruded at 0.1 m-s~!. EBSD texture inverse pole figure in
Fig. 13c indicates that the ZE20 microstructure has a com-
ponent of the texture (termed R, or rare earth, texture com-
ponent), corresponding to the c-axes of the grains oriented at
an angle to the extrusion axis. Fig. 13d shows the compari-
son of mechanical properties among ZE20 alloy, AZ31 and
other Mg-Zn-Ce based alloys. It can be seen that ZE20 alloy
has an excellent balance of mechanical properties (135 MPa
yield strength, 225 MPa ultimate tensile strength and 27%
elongation) [48].

New Mg extrusion alloys have also been developed to
achieve high yield strength. For instance, Pan et al. developed
a new Mg-2Sn-2Ca (TX22) alloy with yield strength of 443
MPa [49]. However, it required a low extrusion temperature
of 220 °C (thus, low speed) to achieve a fine microstructure.
With increasing extrusion temperature, the yield strength is re-
duced as the grain size is increasing. To overcome this issue,

, and (d) the comparison of tensile properties of ZE alloys extruded at optimum speed and that of AZ31 alloy and Mg-0.2%Ce alloy [48].

another new alloy Mg-5A1-3Ca-0.3Mn (AXM5303) presented
a high YS of 420 MPa at a conventional extrusion temper-
ature of 300 °C [50]. The addition of Ca leads to the for-
mation of dense Mg,Ca and Al,Ca precipitates in both DRX
and unDRX regions of AXM alloys, which promote the nu-
cleation rate of DRX process, restrict the growth of DRX
grains and promote the precipitate strengthening. Similar al-
loys, such as Mg-1Ca-1Al1-0.3Zn-0.4Mn alloy (XAZM1100)
and Mg-2.0Sn-1.95Ca-0.5Mn (TXM?220) alloys are developed
with the introduce of nano-sized precipitates during extrusion
[51,52].

For high ductility/formability applications, Mg-Mn based
alloys are showing attractive properties. The addition of Mn
into Mg alloys can enhance the extrudability by increasing
the solidus temperature of Mg alloys [53], providing a larger
extruded temperature window. On the other hand, the low
temperature extrusion leads to a fine DRXed microstructure
due to the low migration rate of grain boundaries [54].
Moreover, the low extruded temperature results in a more ob-
vious decrement of solubility of Mn in Mg matrix. It promotes
the fine dynamic precipitation during extrusion and change
the DRX mechanism from discontinuous dynamic recrys-
tallization (DDRX) to continuous dynamic recrystallization
(CDRX), which refines DRXed grain to less than 1 pm with
random texture [55,56]. The formation of fine microstructure
leads to a high tensile ductility in Mg-Mn based alloys. For
instance, Hidetoshi et al. reported a high room temperature
ductility of 145% in extruded M-0.3 at%Mn alloy [57]. For
the formability, the new developed Mg-0.5Mn-Al alloy is re-
ported to achieve an exceptional rollability at room temper-
ature. This alloy can be cold rolled at room temperature to
a thickness of ~1 mm with an incredible large single pass
reduction of 80% [58].

On the other hand, the ductile Mg-Mn alloys are usually
with relatively low mechanical strength. To overcome this
shortage, Mg-Mn alloys are alloyed with a third element, e.g.,
Al [59], Zn [60], Sn [61], Ca [60], Sc [62] and Gd [63] to
promote their mechanical strength. Besides the addition of
alloying elements, introducing inhomogeneous microstructure
in extrusion or rolling process can also effectively further
enhance their mechanical strength [55,63,64]. The inhomo-
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Fig. 14. (a) Loading-unloading-reloading (LUR) tensile curves of MA105, MAX10501 and MAX10505 samples and (b) the measured HDI stress determined

from the LUR hysteresis loops [64].

geneous of grain size leads to an extra hetero-deformation-
induced (HDI) strengthening, which provides a new strat-
egy for mechanical performance in Mg alloys, seeing in
Fig. 14.

3.3. Sheet Mg alloy development

Mg alloy sheets have great application potential to replace
steel or Al alloys for automobile inner panels. However, un-
like Al and steel sheet alloys, which can be easily fabricated
into final shapes through stamping or other forming processes
at room temperature, Mg alloy sheets exhibit poor formabil-
ity at room temperature. Currently, sheet forming process of
commercial Mg alloys generally needed to be conducted at
elevated temperatures around 300 °C, which would greatly in-
crease processing cost. Therefore, developing new Mg sheet
alloys and novel processing routes to enhance the formability
of magnesium alloy sheets at room temperature is critical for
reducing processing costs and improving productivity. Besides
micro-alloying with rare-earth alloying, the minor addition of
non-rare earth (RE) elements, such as Ca, Zn, and Al also
can improve the ductility and formability of Mg alloys. The
addition of Ca to Mg alloys can increase the slip activity of
non-basal (a) dislocation slip and thus improve ductility [65].
A recent study showed that the addition of Zn and Ca can
increase the critical resolved shear stress (CRSS) for basal (a)
slip and enhance the slip of non-basal and cross-slip of (a)
dislocations between basal and prismatic planes [66]. Addi-
tion of Zn and Ca also weakens the basal texture and forms
TD-split texture similar to those observed in Mg-Zn-Ce alloys
[67,68].

Recently, lean Mg alloys with micro-additions of Ca, Zn or
Ce, such as ZXEM2000 (Mg-2Zn-0.3Ca-0.2Ce-0.1Mn) [69],
have been developed to offer room-temperature formabil-
ity. However, these alloys generally have low post-forming
strength due to limited strengthening phases in their mi-
crostructure. Among various strengthening mechanisms for
Mg, precipitation strengthening can be most effective [70].
The development of heat-treatable Mg sheet alloys with su-
perior formability at room temperature, coupled with rapid
age-hardening characteristics, provide a promising strategy

towards extending the application of sheet Mg alloys. To
achieve this objective, a novel Mg sheet alloy, ZAXME11100
(Mg-1.0Zn-1.0AI1-0.5Ca-0.4Mn-0.2Ce), has been developed
[71]. EBSD IPF map in Fig. 15a shows the microstructure
of ZAXMEI11100 alloy after hot rolling followed by the so-
lution treatment at 410 °C for 1 hour (designated as T4).
The average grain size was measured to be about 9.6 pwm
based on EBSD results. Corresponding texture pole figures are
given in Fig. 15b. The microstructure of ZAXMEI11100 has
a weak TD-split texture. In the (0001) pole figure, the max-
imum texture intensity tilts about 40° away from the normal
direction (ND) toward to the transverse direction (TD). Pre-
vious studies has shown that Zn and Ca addition can weaken
basal texture and result in the formation of TD-split texture
[55,56].

Fig. 16a show the aging hardening response of ZA-
XMEI11100 alloy at 210 °C. The alloy reaches peak aging
hardness after aging at 210 °C for 1 hour (designated as
T6 treatment). The ZAXME11100 alloy after T4 treatment
exhibits a moderate yield strength (YS) of 159 MPa and an
ultimate tensile strength (UTS) of 253 MPa with an extraordi-
narily high elongation of 31% and Index Erichsen (IE) value
of 7.8 mm. After the T6 heat-treatment, the yield strength
(Y.S.) and ultimate tensile strength (U.T.S.) have been signif-
icantly increases to 270 MPa, an approximate 70% increase in
yield strength as compared with that of T4 condition, while its
ductility only suffer a small reduction as shown in Fig. 16b.
Fig. 16c and d summarize the engineering stress as a func-
tion of IE values as well as engineering strain for various Mg
alloys and commercial Al sheet alloys. Fig. 17 plots IE value
vs. yield strength at RT for AZ31 and various alloys eval-
uated by a United States Automotive Materials Partnership
(USAMP) team [72]. Compared to commercial AZ31B alloy,
ZEK100, E-Form Plus and ZXEM?2000 all show improved
room-temperature formability, but with slightly reduced yield
strength. The new sheet alloy, ZAXME11100, offers both ex-
cellent ductility (31% tensile elongation) and RT formability
(7.8 mm EI) in the solution-treated condition (T4), but with
an extraordinary high yield strength (270 MPa) upon post-
forming aging treatment (T6). The excellent combination of
strength and formability of this new magnesium alloy, com-
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Fig. 15. (a) EBSD IPF map of ZAXMEI11100 alloy after forming solution treatment (T4) at 410 °C for 1 hour and then water quenching, (b) texture pole

figures [71].
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value as a function of engineering stress; (d) plot of engineering strain vs engineering stress at RT [71].

parable to those of 6000 sheet aluminum alloys (AA6016 and
AA6061), clearly shows potential for room temperature form-
ing of automotive applications [72].

4. Recent advances in magnesium process development

4.1. Solidification and grain refinement

Generating fine, equiaxed and non-dendritic grain struc-
ture during solidification is an important first step in achiev-

ing isotropic mechanical properties and minimizing the risk
of casting defects such as shrinkage porosities, segregation
and hot cracking. The addition of Zr to pure Mg and Al-free
Mg alloys is regarded as the most effective way for grain
refinement. The solubility of Zr in Mg and Mg-Y-Zr alloys,
and its mechanical properties can be traced back to 1950's
[73] and the grain refinement effect of Zr in Mg has been
broadly reviewed [74]. The current practice is to add Mg-Zr
master alloys where the undissolved Zr exists as particles and
the solubility was estimated to be 0.44-0.50% (when added
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greater than 0.5% in hyper-peritectic composition) [75,76].
Having an excellent crystallographic compatibility with Mg
matrix, insoluble Zr acts as heterogenous substrate for nu-
cleation and solute Zr with highest growth restriction factor
(Q) in Mg, leading to a remarkable grain size refinement in
slow cooling conditions. However, this refining tendency of
Zr is poisoned when trace amounts of impurities such as Fe,
Mn, Si, Sn, Ni, Co, and Al are present, making this refiner
ineffective for the most popular Mg-Al alloy system [77,78].
Secondly, the density difference between Mg and Zr at melt-
ing and casting temperatures causes a significant loss of Zr
by sludge formation. To compensate the sludge, excess Zr
addition is needed to produce the desired refinement in Zr
containing Mg alloys [75,77]. Molten metal processing using
intensive shearing [79] or ultrasonic treatments [75] have in-
creased the number of active nucleation particles and reduces
sludge formation. Tong et al.[80] treated the Mg-Zr master al-
loy using ultra-high frequency tungsten inert gas arc melting
process and evaluated the grain refinement in Mg-9.0Gd-3.0Y
alloy. Due to the very high cooling rate of the arc-melting pro-
cess, the large size Zr agglomerate (1-20 wm) were reduced
to nano-size precipitates (below 1 wm) and showed excellent
grain refinement by a further improvement of 41-47% than
the conventional master alloy.

For Mg-Al based alloys, there is no satisfactory approach
for grain refinement [81], except for carbon inoculation,
adding titanium [82] or SiC particles [83] which can pro-
vide some grain refinement effects. A recent work by Zhang
et al.[84] investigated the grain refinement of AZ31 alloy by a
Mg-Ca-Sn master alloy that contains mainly Mg and CaMgSn
phase (by fixing the mass ratio of Sn to Ca as 3). The av-
erage grain size of 270 pm was significantly reduced to less
90-100 pwm and identified that the CaMgZn particles act as
potential heterogeneous nucleation sites, shown in Fig. 18.

For future research in Mg grain refinement, the following
thoughts are put forward. Although alloy chemistry modifi-

cation has been widely used to promote refinement of mi-
crostructure during solidification, there are several limitations
associated with this approach:

1) Alloying elements/impurities: Interaction of a grain refiner
with either an alloying element or trace amounts of impu-
rities could lead to a dramatic loss of refinement tendency
by forming other stable intermetallics at high temperatures.
For this reason, Zr refinement works with Mg-RE alloys
and becomes an inefficient refiner for Mg-Al based alloys
[77,81]. Impurities generally present in trace amounts such
as Fe or Mn have been reported to sometimes assist and
other times poison/reduce the efficiency of C-based grain
refiners [81].

2) Addition methods/distribution of particles: Grain refiners
are generally added in the form of master alloys. Earlier
methods have reported the use of gas bubbling methods
[77], however, one of the key issues is the effective dis-
tribution of grain refiners. Addition of SiC to Mg-Al and
Mg-Zn alloys have been found to work satisfactorily [85],
while the consistency is severely affected by the added
amount, particle size, addition methods and impurities in
the alloy. The addition of SiC is generally very small to
avoid making a metal matrix composite which would affect
the properties of the base alloy.

3) Active particles: It has been estimated that in conventional
conditions and for a given distribution of particles added
through master alloy, only 1% of the added particles are
active in grain refinement. This can be further increased
by cooling conditions and external melt shear or ultrasonic
processing to 3—4% [86]. Recent research has been focused
on understanding the role of nucleation stifling mecha-
nisms such as solute suppression zone (SSN) or nucle-
ation free zone (NFZ) or inhibited nucleation zone (INZ)
[77,86,87]. Solute and thermal gradients during solidifica-
tion play significant role in both activating and stifling a
nucleation particle.

Prominent reviews by StJohn and Easton [77] and Karaku-
lak [81] summarized the grain refinement mechanisms and
newly developed refiners for Mg-Al alloys. Identifying potent
refiner for Mg-Al alloys, specifically gravity cast AZ91 al-
loy has been one of the most intensively researched and is
still an active area for research. Oxide particles [88], carbide
[85] and boride-based [89] particles are some of the notable
current topics in this research. To overcome the limitations as-
sociated with alloy chemistry modification, physical methods
have been investigated to refine the grain size during solidi-
fication. Notable processing methods include melt stirring or
intensive shearing, electro-magnetic and ultrasonic treatments
[90]. Following are the additional benefits of external field
processing of molten/solidifying metals.

1) Improved wettability of suspended heterogeneous particles
and native un-wetted oxide particles thereby increasing the
total number of active sites for grain refinement [79].
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Fig. 18. Grain refinement of AZ31 (a) without refiner and (b) after the addition of 0.75 wt.% CaMgSn alloy. (c) SEM and EDS analysis of bright CaMgSn
particles located in the center of the grains identified as potential nucleation sites [84].

2) Intense forced convection generated external forces induces
melt flow and reduces steep temperature gradients dur-
ing solidification, enabling more nucleation and reduces
the macro-segregation of second phases in large ingots
[90].

3) Physical forces either mechanical or fluid flow can cause
fragmentation of dendrites, removal of free crystals from
the melt surface and mold walls [90]. Additionally, cavi-
tations induced by ultrasonic processing can produce frag-
mentation, bending and breaking of dendrites together in-
creasing the number density of grains for equiaxed grain
structure [91].

4) Besides grain refinement, ultrasonic processing has been
demonstrated for degassing of melts and refinement of pri-
mary intermetallic phases for enhanced mechanical prop-
erties of both Mg and Al alloys [92,93].

Dedicated reviews for external field processing explains the
fundamental mechanisms on the origin of fine grains during
ultrasonic, magnetic and stirring methods applicable to Al and
Mg alloys [90]. Melt processing techniques such as intensive
stirring and semi-solid processing can enhance grain refine-
ment. The developments in chemical and physical approaches

for grain refinement shed more insights on the mechanism of
grain formation, more efforts are needed identify a potential
refiner for consistent performance and maximize the efficacy
of current grain refiners to widen the applications of cast Mg
alloys.

4.2. Vacuum die casting

As discussed in an earlier review published in this journal
[94], die casting, generally referred as high pressure die cast-
ing (HPDC), is the dominant manufacturing process for Mg
applications due to its low cost and high productivity. Depend-
ing on the applied pressure and other control mechanisms,
this process can be classified as cold-chamber HPDC, hot
chamber HPDC, vacuum die casting and semi-solid Rheo- or
Thixo-casting process. The use of vacuum during die casting
to assist die filling has been quantitatively proven to improve
thin-wall capability and reduce porosity (air entrapment) in
HPDC castings [95]. Vacuum die casting is thus extensively
used to produce thin-wall die castings for automotive body
structures, especially in electric vehicles. With the increas-
ing use of large Al castings (mega-casting) in the automotive
industry, it is expected that similar Mg castings will be devel-
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Fig. 19. (a) and (b) Advanced casting process simulations; and (c) die cast door inner.

oped using advanced vacuum die casting. A recent example
of thin-wall Mg die casting was a 2.0 mm-wall door inner
with significant mass reduction (46%) and part consolidation
compared to steel door design. Fig. 19 shows advanced cast-
ing simulations and a Mg door inner casting [96].

4.3. Squeeze casting

The generic term squeeze casting (SC) refers to the com-
bination of metal-casting process along with forming opera-
tion (also called as liquid metal forging) to fabricate near-net
shaped products. The liquid metal is poured over the bottom
half of the mold, usually reusable, preheated die which is then
closed by the top half of the mold enabling the pressure-tight
mold filling. Solidification proceeds under pressure (~50-140
MPa) facilitating high-yield castings with fewer defects when
compared to gravity or HPDC components [97]. Depending
on the nature of applying pressure to the solidifying metal,
this can be further classified into direct or indirect squeeze
casting process and the intensification stage can be applied
either at the onset or after the crystallization [98]. Several
improvements are noted in terms of mechanical properties,
reduced porosities, refinement of second phases and grains
and fabrication of metal matrix composites applicable to Mg
alloys [99-101]. The role of applied pressure (AP) on the mi-
crostructure enhancement is explained by Clausius-Clapeyron
criterion:

AT  AV-T,
AP AH;

3)

where AV is the change in specific volume, T}, is the melting
temperature of the alloy and AHy is the latent heat of fusion.
A comparison study of SC AZ91 showed minimal porosity,
refinement of Mg;7Al}, phase and better tensile properties to
that of the gravity cast alloy [36]. Addition of Ca increased
the creep strength of the SC AZX911 alloy due to the forma-
tion of thermally stable Al,Ca phase network restricting the
movement of dislocations [100]. Significant improvements are
also noted in RE containing SC Mg alloys such as GW103K
at temperatures up to 300 °C where the reduction in micro
porosity in the as-solidified structure and micro-void coales-
cence delayed the propagation of cracks than the gravity cast
alloy [101]. In addition to the conventional SC process, rheo-
assisted SC have been reported in AZ91 alloy with Ce and

Ca for the refinement of microstructure and better mechanical
properties of alloys [102]. A biodegradable Mg-4Zn-0.5Ca-
(0-0.8)Mn alloy (compositions in wt.%) has been reported
by Cho et al. [42,103] uses CALPHAD approach to identify
the phases formed in the alloys and the SC process showed
refinement of grains and second phases. The yield strength,
ultimate strength and elongation increases linearly from 202
to 280 MPa, 115 to 201 MPa and 15% to 22% respectively
when Mn is increased to 0.8 wt.%. Uniform microstructure
and the formation of stable protection layer improved the cor-
rosion resistance. In vivo studies indicated a good biocompati-
bility without inflammatory response and showed increase cell
viability [42].

4.4. Forming processes and processing maps

Advanced wrought processing techniques can help refine
grain sizes and modify texture [104,44,105]. Weakened and
modified basal texture can tailor the deformation anisotropy
and yield asymmetry, thus contributing to ductility and forma-
bility [106—108]. In the past decades, many advanced process-
ing techniques such as, high pressure torsion (HPT), equal
channel angular processing (ECAP), constrained groove press-
ing and surface nanocrystallization have been developed to
refine and modify the microstructure of magnesium alloys
[109-112]. Those techniques mainly utilize severe plastic de-
formation. The major limitations for those techniques are
complex experimental setup and costly for industrial scale
production. Conventional thermo-mechanical processing such
as extrusion and rolling are still most economical and effi-
cient ways for large-scale production of wrought magnesium
alloys. The properties of wrought magnesium alloys can be
enhanced through optimization of thermo-mechanical process-
ing parameters.

Processing maps based on dynamic materials models, con-
sisting of power dissipation efficiency maps together with
instability maps, are powerful tools for identifying opti-
mal thermo-mechanical processing conditions and for mi-
crostructure control [113]. They can be constructed using hot
compression test. When combing with detailed microstruc-
ture characterization, optimal processing conditions and mi-
crostructure with week basal texture and fine grain size gen-
erated by dynamic recrystallization can be identified. Fig. 20a
shows the processing maps of ZE20 alloy at 15% compression
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Fig. 20. (a) Processing map for ZE20 at 15% strain, (b) summary of processing conditions for ZE20. (Shaded areas indicate the presence of an instability
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Fig. 21. (a) Processing map constructed for ZAXEM11100 at a 80% strain with the instability region shaded in gray. Contour lines correspond to lines of
equal efficiency; and (b) Images of extruded ZAXEM11100 plate as it left the die with an extrusion speed of a 1”’/min (25.4 mm/min) [115].

strain [114]. Optimized processing conditions for the alloy are
highlighted in Fig. 20(b). High activity of dynamic recrys-
tallization (DRX) was found between 375 °C and 450 °C,
from 107! s7' to 10-2.5 s7'. Figs. 20(c) and (d) shows the
EBSD characterization of the microstructure after compres-
sion. It can be seen high density of recrystallized grains were
achieved. From the IPF maps in Figs. 20(e) and (f), it is
seen that dynamic recrystallization can both refine grain size
and also weaken basal texture, which will greatly benefit the
ductility and formability. Fig. 21a shows the processing map
constructed for ZAXEM11100 alloy at 80% strain. Based
on processing map, a pilot extrusion test of the alloy un-

der industrial scale was successfully performed as shown in
Fig. 21b [115].

5. Additive manufacturing processes

Additive manufacturing (AM), also known as 3D print-
ing, is a cutting-edge technology that progressively adds thin
layers of material based on 3D model data. This method is
advantageous for fabricating complex geometries at fine reso-
lutions and with complex geometry, which has gained signifi-
cant attention in developing biodegradable implants [116,117].
Additive manufacturing of Mg alloys is of growing interest
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due to its unique design capabilities, which are not achiev-
able with traditional manufacturing methods [81,118,119].
Additionally, individualized implants that closely align with
anatomical geometries can be produced while reducing man-
ufacturing time, and cost as multiple steps of conventional
machining may be eliminated [120-122].

Since the first reported study on AM of Mg in 2010 by
Ng et al. [123], numerous AM experiments have been carried
out on Mg alloys and composites [120]. However, the print-
ability of Mg alloys is still the biggest challenge to achieving
a sound AM part. Firstly, Mg has a high oxidization rate
due to its high chemical reactivity, which makes it difficult
to process and affects the dimensional accuracy and topology
resolution of the printed parts [124]. Additionally, the high
surface energy of Mg powders makes them more susceptible
to react with atmospheric oxygen, causing combustion. Fur-
thermore, the relatively low melting temperature (~650 °C)
and the low boiling temperature (~1090 °C) of Mg impose se-
vere evaporation during AM process, particularly for powder
bed fusion (PBF) processes [120]. Moreover, the rapid growth
of grain size directly affects the mechanical properties of the
as-built component [125]. Despite these challenges, Mg AM
has gained significant attention in recent years, and special-
ized equipment has been developed to create an inert atmo-
sphere, ensuring safety in material handling [126,127]. So far,
several AM techniques have successfully applied to Mg al-
loys, including laser powder bed fusion (LPBF), wire arc AM
(WAAM), paste extrusion deposition, friction stir AM, and
binder jetting process (BJP) [120,124,128]. Each method has
its process mechanics and forms of raw materials, resulting in
AM components with different microstructure and properties.
Highly complex geometries that are difficult or impossible to
manufacture using conventional machining processes can be
developed by utilizing these techniques.

5.1. Mg powder production

To manufacture Mg products using powder-based AM
techniques, the first and foremost challenge is to produce

high-quality (shape, size distribution, and chemical composi-
tion) Mg alloy powders. Unfortunately, the production of Mg
powder is highly hazardous due to its reactivity and large sur-
face areas. Currently, only pure Mg, AZ91 and WE43 powder
are produced by a few manufacturers. Especially the powder
manufacturing of bioabsorbable Mg-Zn-Ca-Mn alloy systems
has not yet been widely explored or reported. Fig. 22 shows
the preparation of Mg-Zn-Ca-Mn alloy powders for AM pro-
cess using a compact induction gas atomizer. It is prelimi-
nary found that increasing the nozzle diameter significantly
increases the size and distribution of the powder. Gas atom-
ization was found to be highly effective in producing spherical
powder, but the low viscosity and surface tension of Mg melt
could lead to the powder becoming very fine during atomiza-
tion. However, such very fine powders may attach or aggre-
gate on some larger powder particles. Consequently, ongoing
research is focused on increasing the yield of approximately
50 pm-sized Mg powder suitable for AM technology while
reducing size distribution.

5.2. Laser powder bed fusion (LPBF)

LPBF utilizes a high-intensity laser beam that can be fo-
cused into small spots, with good precision in building 3D
components. Laser beams are absorbed efficiently without any
transfer medium, melting the powder followed by rapid so-
lidification [129,130]. However, Mg alloys have low evapo-
ration temperatures, with an evaporation point of 1090 °C
for pure Mg, leading to possible composition changes in the
material due to Mg evaporation during LPBF. Thus, the pro-
cessing windows for LPBF of Mg alloys are generally limited
[120,129,131]. Porosity is a common issue for most metallic
materials, with several mechanisms related to gas pore for-
mation [132] and alloy powders.

Overall, LPBF is a promising method for additive man-
ufacturing of Mg alloys, with several challenges related to
porosity, Mg evaporation, and cracking. The optimum pro-
cessing window for each alloy system is crucial to achieving
good quality parts. Further research is needed to understand

Fig. 22. The powder preparation and setup for Mg alloys at the Ohio State University: (a) Compact induction gas atomizer and (b) gas atomized Mg-Zn-Ca-Mn

alloy powder.
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the effects of alloying and processing conditions on cracking
and porosity in Mg alloys during LPBF. Another important
challenge is the residual stresses, which can be reduced by
preheating of feedstock as well as post-printing heat treat-
ment. Anisotropy of properties of built parts are also impor-
tant issues which need more research and understanding.

5.3. Wire arc additive manufacturing (WAAM)

WAAM is considered an alternative method to laser or
sinter-based additive manufacturing for Mg alloys. Unlike
LPBF, WAAM uses Mg alloy wires as the feedstock material,
allowing for high deposition rates, low equipment costs, and
high material utilization, making it environmentally friendly
[122]. Meanwhile, the use of Mg alloy wires in WAAM elim-
inates safety risks associated with Mg powder handling, and
significantly reduces the costs of feedstock material produc-
tion, transport, storage, and safety management.

However, major drawbacks of WAAM include coarse grain
size, limited availability of wires (e.g., no custom alloys), gas
contamination, thermal deformation, and the sophistication of
the processing. Currently, cold-metal-transfer (CMT) is the
most suitable WAAM technique for Mg alloys since CMT
welding generates only one-tenth of the heat of MIG weld-
ing [130,133]. To date, wire-based processes for Mg alloys
have not been widely used due to insufficient wire availability.
WAAM processing of AZ31 [134-136], AZ61 [137], AZ80
[138,139], AZ91 [133,140], and AEX11 [141] has been re-
ported. Other drawbacks of WAAM compared to other AM
methods, include rougher built surfaces and lower dimen-
sional accuracy. Post-WAAM machining and surface finish-
ing are necessary, limiting its applications in many indus-
tries. Scaffold structures from WAAM might be too coarse
for applications in medical. Overall, WAAM is a promising
method for AM of Mg alloys, with several challenges related
to surface roughness, dimensional accuracy, and availability
of custom alloy wires.

5.4. Binder jetting process (BJP)

Binder jetting is a two-step AM process which includes 1)
printing the green parts with needed shape; and 2) transform-
ing into a densified parts [142,143]. In the first step, the alloy
powders are bonded into the required shape and structure by
binder, since this step is operated at room temperature, so
the alloy powders will not have severe oxidation even in the
air atmosphere. In the second step, printed green parts are
sintered under the protective atmosphere and without severe
oxidation reaction too. This step involves the debinding pro-
cess and the densification process by sintering, hot isostatic
pressing. Therefore, compared with other AM processes, two-
step AM is particularly suitable for additive manufacturing the
active alloys such as Mg alloys.

The biggest challenge in binder jetting AM of Mg alloy
is the difficulty to densify the printed parts because Mg pow-
ders can easily form MgO film on the surface [143-145].
Unlike Fe and Cu, the Mg diffusivity in its oxide is sev-

eral orders of magnitude lower than its self-diffusivity, so the
MgO film will resist exceedingly to mass transport and form-
ing a sintering neck between Mg alloy powders in solid-state
sintering process. Recently, Su et al. [145,146] evaluated the
mechanical and corrosion properties of Mg alloys manufac-
tured using a full-liquid sintering method, which significantly
reduced the sintering time to produce high-quality final prod-
ucts via a binder jetting process. This method allowed for the
creation of dense and fully consolidated parts with complex
geometries through the selective melting and solidification of
the alloy powder. The results of these studies demonstrated
that the sintered Mg alloy exhibited good mechanical proper-
ties, with comparable or even superior strength characteristics
compared to conventionally manufactured Mg alloys.

Additionally, BJP is a promising route for fabricating
highly interconnected porous Mg structures with a wide range
of pore sizes and pore morphology [144]. However, the intro-
duce of porous structure also leads to higher corrosion rates
due to the increased surface area [143] and crevice corrosion
[147]. More research is needed to better understand the re-
lationship between the printing parameters on porosity and
their corresponding corrosion performance.

5.5. Friction stir-based AM

Friction stir-based AM is a solid-state technique that uses
friction stir welding to additively manufacture large-scale
near-net-shaped components [148,149]. Basically, it is a solid-
state processing method that involves using a rotating tool to
generate frictional heat, plasticize the material, and induce
mixing and consolidation without complete melting. There
are two methods of friction stir-based AM: friction stir addi-
tive manufacturing (FSAM) and additive friction stir deposi-
tion (AFSD). In FSAM, multiple-plate stacks are welded to-
gether using a non-consumable rotating tool; while in AFSD,
feed materials are pushed to the stir zone through a non-
consumable hollow cylindrical tool [150]. The benefits of fric-
tion stir-based AM for Mg alloys include the ability to render
relatively dense builds with fine and equiaxed microstructures
and enhanced mechanical properties, such as higher tensile
strength, improved fatigue resistance, and increased ductility
due to reduced porosity and modified grain size [150,151].
Operating processing windows are controlled by key param-
eters such as tool rotational speed, traverse speed, plunge
depth, geometries, and feed rate to obtain sound structures.
However, major drawbacks of FS-based AM are its inabil-
ity to fabricate complex geometries, spatial resolution, and
geometric precision. Therefore, the design freedom for fric-
tion stir-based AM is relatively limited, which requires further
development of FS-based AM equipment and process inno-
vations.

6. Integrated computational materials engineering
(ICME)

Integrated Computational Materials Engineering (ICME)
is defined as “the integration of materials information, cap-
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tured in computational tools, with engineering product per-
formance analysis and manufacturing-process simulation,” ac-
cording to a United States National Research Council study
[145]. Within an ICME framework, materials models and pro-
cess models of multi-length scales can be integrated to ac-
celerate the design and manufacturing of engineering prod-
ucts [152—154]. Compared to other engineering alloys such as
steels and Al alloys, the industrial applications of Mg alloys
are limited by both the scarcity of high-performance alloys
and the high processing costs involved. To overcome these
obstacles, ICME offers great potential to accelerate the de-
velopment of novel Mg alloys and optimize their processing.

6.1. ICME for Mg casting

Currently, over 90% commercial Mg alloy components are
produced using die casting, especially high pressure die cast-
ing [34]. Therefore, the development of ICME of Mg cast-
ings is crucial for their industrial applications. The CALcu-
lation of PHAse Diagrams (CALPHAD) method was origi-
nally developed for the construction of phase diagrams based
on phase equilibrium calculations and thermodynamic prop-
erties of complex multi-component, multi-phase systems. It
has been extended to cover a wider range of applications,
such as simulating solidification and precipitation phenomena
[155]. The combination of CALPHAD simulation with other
physical property databases and models has led to its exten-
sive use in property modeling as illustrated in Fig. 23 [156].
Consequently, CALPHAD simulations have become the core
modules of ICME of Mg alloys for casting applications.

6.2. Development of thermodynamic databases

Accurate and comprehensive thermodynamic and kinetics
databases are essential to CALPHAD based modeling. The
traditional approach to develop the thermodynamic databases
relies on critical experimental data, which usually involve te-
dious experimental work including alloy preparation, homog-
enization heat treatment, and characterization of crystal struc-

tures and phase compositions of constituent phases. The main
drawback of traditional approach is often costly and inefficient
in collecting experimental thermodynamic data, especially
thermo-chemical data. The incompleteness of experimental
data often results in uncertainties in thermodynamic model-
ing. Fortunately, contemporary computational tools, such as
those based on first-principles calculations utilizing density
functional theory, substantially contributed to the develop-
ment of thermodynamic databases [157,158], making them
a vital aspect of computational thermodynamics. Fig. 24(a)
and (b) show the examples of calculated isothermal section
of Ca—Mg-Sr ternary system [159] and Mg-Ca-Ce system
[160], which were evaluated by the combination of computa-
tional thermodynamics with first-principles calculations mod-
eling. Moreover, recently, to fill out the gaps between ex-
perimental data and modeled data, a user-friendly, extensible,
self-optimizing phase equilibrium infrastructure (ESPEI) for
Mg alloys were developed. ESPEI integrates databases (crys-
tallographic, phase equilibrium, thermo-chemical, and mod-
eled Gibbs energy data) and database development (automa-
tion of thermodynamic modeling) with GUI, making the ma-
terial research and development more efficient [161]. With
both experimental and computational efforts, Mg thermody-
namic databases in commercial CALPHAD packages includ-
ing PanMg (Computhermo) and TCMg (Thermo-calc) have
been greatly extended to include over 30 alloying elements,
which provide a powerful tool for ICME-base Mg alloy sim-
ulation.

6.3. Development of kinetic databases

Kinetic databases, consisting of diffusion coefficients and
mobility, are crucial for reliable simulations of ICME process
modeling such as solidification, heat treatment, and precipita-
tion. However, compared to the thermodynamic databases, the
kinetic databases for Mg alloys are less developed. Tradition-
ally, diffusion multiples have been the primary experimental
method for collecting diffusion data, but their applicability is
limited to certain elements, such as Al and Ca, which lack
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suitable radioactive isotopes. Furthermore, exact alloy com-
positions of extremely dilute Mg alloys containing elements
such as Ca, Sr, and Nd pose a challenge to diffusion multiple
experiments.

Recently, a novel liquid-solid diffusion couple (LSDC) ge-
ometry has been developed which takes advantage of the lig-
uid phase formation at annealing temperatures above the eu-
tectic point [162]. This method involves creating a small lig-
uid pool inside a relatively large block of pure Mg. Fig. 25(a)
shows an example of LSDC. EPMA (Electron Probe Micro-
Analysis) was widely employed to measure concentration pro-
files across the interface. The forward simulation method can
be utilized to extract impurity diffusion coefficients from ex-
perimental composition measurements. Fig. 25(b) displays a
comparison between the experimental composition profiles
measured using EPMA, and the corresponding results ob-
tained from forward simulations. Given the aforementioned
challenges associated with experimental measurements of dif-
fusion coefficients in Mg, first-principles calculations have
been extensively conducted in recent years to evaluate the
mobilities of alloying elements in Mg [163]. To establish the
most comprehensive mobility database to date, a systematic

analysis of all experimental and computed diffusion data in
Mg has been conducted to assess the mobility of 22 alloying
elements in Mg [164]. Fig. 26 shows an example of assessed
mobility of alloying elements. Such mobility databases will
be a valuable contribution towards the development of the
kinetic databases for ICME of Mg alloys, and will aid in
the future development of high performance Mg alloys using
ICME approaches.

6.4. Modeling solidification microstructure

Among different casting methods, high pressure die cast-
ing (HPDC) is especially favored for producing thin-walled
and complex Mg components in an efficient and economi-
cal manner. The cooling rates associated with HPDC are ex-
tremely high, typically ranging from 100 to 1000 °C/s, leading
to solidification conditions in Mg products that are far from
equilibrium. As a result, microsegregation and the redistribu-
tion of alloying elements can occur, which significantly af-
fect local microstructure and the homogeneity of mechanical
properties. To address this issue, a simulation tool for pre-
dicting solidification microstructure and microsegregation be-
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comes a crucial component of ICME of Mg alloys. The con-
ventional non-equilibrium Scheil-Gulliver model is inadequate
for predicting the solidification microstructure evolution and
the redistribution of alloying elements during HPDC of Mg
alloys, which normally involves back diffusion. In a recent
study, a CALPHAD-based solidification micro-model was de-
veloped to predict the solidification microstructure of multi-
component Mg alloys, including secondary dendrite arm spac-
ing (SDAS), microsegregation, and non-equilibrium phases
[165]. The model incorporates back diffusion in the solidi-
fied primary phase, as well as undercooling and dendrite arm
coarsening during solidification. Fig. 27 shows an example
of such model in simulating secondary dendrite arm spacing
(SDAS) and microsegregation of Al and Sn in Mg-7AI-2Sn
alloy. Good agreement were achieved between experimental
measurements and simulated results. This study highlights the
potential of using the CALPHAD-based solidification micro-
models as a valuable tool in the ICME of Mg alloys, par-
ticularly in predicting and optimizing the microstructure and
properties of Mg casting components.

6.5. Modeling precipitation microstructure

One of the most effective techniques for enhancing the
strength of Mg alloys is precipitation strengthening, which de-

pends on the characteristics of the precipitates, such as their
types, sizes, number density, and volume fraction. Precipi-
tation modeling techniques such as phase field method are
valuable for studying the evolution of the size, morphology
and variant selection of precipitates in Mg alloys in small
modeling domains [166,167]. Such techniques are difficult to
be coupled with CALPHAD databases for simulation of the
evolution of large volume fraction of precipitates for industrial
applications. Numerical method such as Kampmann-Wagner
numerical (KWN) model has garnered significant attention
due to its ability to effectively simulate concurrent nucleation,
growth, and coarsening kinetics of precipitates [168,169]. The
KWN model can be coupled with thermodynamic and ki-
netic databases, as well as other microstructural models, to
predict the evolution of precipitation in multi-component and
multi-precipitate Mg alloys [170,171]. In the original KWN
model, precipitates were assumed to be spherical, which dif-
fers from the real situation in which most precipitates in Mg
alloys have various aspect ratios and are not perfectly spher-
ical. Therefore, it is crucial to develop a physically based
precipitation model for Mg alloys that takes into account of
the non-spherical morphology of precipitates, which can be
achieved through an improved KWN model. High-throughput
simulation based on improved KWN modeling offers a pow-
erful tool for optimizing the composition and heat treatment
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comparison between the simulated and measured composition profiles vs fraction of solid [165].
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Fig. 28. (a) Simulation of the evolution of the thickness of two kinds of precipitation phases (Mgj7Al;2 and Mg,Sn) in AT72 alloy aged at 200 °C, and (b)
high throughput KWN precipitation simulation of the variation of peak aging hardness with alloying compositions in Mg-Al-Sn systems aged at 200 °C [172].

procedures in precipitation strengthened alloys. A improved
CALPHAD-based high-throughput KWN model taking into
account of non-spherical precipitates were successfully used
to simulate the concurrent precipitation of Mg;7Al;, and
Mg,Sn in AT72 alloy [172]. Fig. 28(a) shows the compar-
ison of simulated evolution precipitation microstructure as
compared with experimental measurements. By coupling with
precipitate strengthening models, the high through-put KWN
modeling was used to simulate the variation of peak aging
response with respect to different Al and Sn compositions as
shown in Fig. 28b.

7. Corrosion research

The corrosion susceptibility of Mg and its alloys has long
been a barrier to further applications in a variety of fields
due to the high electronegativity and poor protective film of
Mg. In response, there has been significant work to improve
corrosion resistance via alloying and coating solutions. In ad-
dition, efforts have been made to leverage the electrochemical
activity of Mg as an asset for battery, biomedical, and other
applications [173,174], as discussed in Section 2.3.

7.1. Basic corrosion mechanisms

The corrosion mechanism of pure Mg differs from that
of all other metals. Under increasing anodic polarization, the
cathodic reaction which is the hydrogen evolution for Mg
increases. This is a deviation from typical metals where the
cathodic reaction rate decreases with anodic polarization. This
deviation from expected behavior is called the negative differ-
ence effect (NDE) or anomalous hydrogen evolution [175]. To
explain this phenomenon, two theories have been proposed:
the univalent magnesium theory and the theory of anoma-
lous hydrogen evolution on Mg surface [176—178]. Both can
successfully explain the increase in hydrogen evolution. The
ability to control the corrosion of Mg will be significantly
aided by understanding the underlying mechanisms.

The univalent Mg theory postulates that the production of
Mg" increases with increasing anodic polarization. A fraction
of which reacts chemically to split water to produce excess
hydrogen and thus the electrons exchanged are not captured
via external circuits. The anomalous hydrogen evolution on
the Mg surface argues that the catalytic nature of the Mg sur-
face increases with increasing polarization due to an increase
in the exchange current density of the hydrogen evolution
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reaction (HER) on the Mg surface. More in-depth descrip-
tions of the development and defenses of univalent Magne-
sium [177,179,180] and AHE [175,181] theories can be found
in the refenced literature.

Experimental evidence for the validation of both theories
is difficult as direct observation of the Mg*t ion is impossi-
ble with existing techniques and to date there has not been a
complete description of the catalytic sites on the Mg surface.
In recent critical review articles [173,182], Antres and Song
have discussed both theories and concluded that their univa-
lent Mg™ theory remains the best explanation for the current
experimental observations. Recently, the development of com-
putational modeling with the increasing computational power
leads to the possibility of refining the proposed mechanisms
which should aid in targeted experimental designs in the fu-
ture. Fogarty et al. [183] performed a combined molecular
dynamics and density functional theory study on the interac-
tions between water and a hydroxylated Mg (1000) surface.
This simulation was conducted to study the spontaneous for-
mation of the hydroxylated layer on the bare Mg surface and
the interactions of this film with water once formed. They
demonstrated the enhanced catalytic nature of the Mg film to
the water splitting reaction as well as showed the oxidation
of Mg to form univalent Mg" ions. The tools developed in
that paper will be very beneficial to examining the univalent
Mg theory. However, the work has not yet extended to study
anodically polarized surfaces nor did the calculations deter-
mine if the Mg™ ion is reacted chemically to form Mg?* as
is needed to fully confirm the univalent Mg theory.

Wiirger et al. [184] studied the mechanism of the hydrogen
evolution via density functional theory to determine if the re-
action followed a Volmer-Tafel or a Volmer-Heyrovskey path-
way. The pathway was found to be preferred as it possessed
the lower energy barrier to the formation of hydrogen with
the Volmer step being rate limiting. They also investigated
the energy barrier for a Mg ion to detach from the surface,
finding that the removal of Mg™ ions coordinated with 3 wa-
ter molecules is less energetically favorable than Mg?* ions
coordinated with 6 water molecules. They use this calculated
result to argue that Mg™ ions are not stable in the process of
Mg dissolution.

Past critical reviews [182,185] examined the experimental
evidence and argued that their univalent Mg" theory is the
best at explaining the results. There is a lack of recent re-
views that argue for the theory of anomalous cathodic hydro-
gen evolution on Mg surfaces. Understanding the fundamental
mechanisms of Mg corrosion is necessary to designing truly
corrosion resistant alloys. However, there is still significant
work done to design alloys to better accommodate corrosion
despite the lack of mechanistic understanding.

7.2. Designing corrosion resistant Mg alloys

Due to the very negative electrochemical potential, Mg is
anodic to the majority of secondary phases present in the mi-
crostructure and very sensitive to impurity content. Due to
this micro galvanic relationship, improving the corrosion re-

sistance of Mg alloys conflicts with efforts to produce higher
mechanical properties via alloying. The Mg,Ca phase is an
exception to this rule with recent studies showing its anodic
relationship to the «-Mg matrix via highly local corrosion
techniques [186—188]. This has resulted in extensive work on
Mg-Ca binary and Ca-containing alloys as an avenue to cor-
rosion resistant alloys. This will be discussed in more detail
in a further section.

Reducing corrosion susceptibility is commonly approached
from two directions: 1) reducing the cathodic initiation from
secondary phases; or 2) improving stability and protectiveness
of the corrosion film. Microalloying of Ca and RE additions
have shown considerable progress to create more corrosion
resistant alloys. However, to date, there is no truly “stainless”
Mg alloy system as none show a truly passive film but a
few alloys have achieved slower corrosion than the intrinsic
corrosion rate of pure Mg which is 0.3 mm/yr in 3.5% NaCl
[189,190]. Impurity management and micro alloying have suc-
cessfully reduced the corrosion rate below the intrinsic rate.
Further testing is needed to see how to utilize these discov-
eries to discover a truly corrosion resistant Mg alloy.

7.3. Iron impurity tolerance

The importance of purity of Mg corrosion has long been
understood with Hanawalt outlining the tolerance limits of
common impurities in 1942 [191]. Fe, Ni, Cr, and Cu are the
most studied impurities around corrosion control due to the
large galvanic potential relative to Mg as well as their preva-
lence in the ore and ability to be introduced during refining
[192]. Excess impurities will result in extensive local cor-
rosion around impurity-phases and regions of high impurity
segregation. Therefore, determining strict safe limits of the
impurities is important to ensure consistent and predictable
degradation behavior.

The use of Fe-based tools and equipment results in Fe
being picked up throughout alloy production and processing.
Fortunately, Mg can tolerate a low Fe content before the cor-
rosion rate is accelerated. However, the specific tolerance limit
and mechanisms are still being explored. Hanawalt’s original
study shows a limit of 170 ppm in otherwise high purity
Mg which is above the solid solution limit of 5 ppm [191].
Recently, studies show both higher [193] and lower [194-
196] tolerances in high purity Mg. This inconsistency is be-
cause the acceleration of corrosion depending on more than
Fe concentration. Alloying elements [197—-199], casting con-
ditions [198], thermal processing [196,200,201], and interac-
tions with other impurities like Si [202] and In [200] all play
a nonnegligible role in determining the tolerance limit. How-
ever, the current research is concentrated around pure Mg and
Al containing Mg alloys. More work is needed to understand
iron tolerance in other alloy systems.

7.4. Micro-alloying additions

Micro-alloying is used to modify microstructures, surface
films, or impurity effects to improve the corrosion resistance
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of Mg alloys. Ca has gained attention as a potential alloying
element to control corrosion in Mg as it is one of the few
metals more electrochemically active than Mg. Micro addi-
tion of Ca have shown improved corrosion resistance in Mg-
Ca binary alloys as well as in existing Mg alloys [203-206].
In Mg-Ca binary alloys, Ca is beneficial in small amounts
with many studies finding samples with the lowest concentra-
tion of Ca showing more uniform and slower corrosion than
pure Mg or samples with more Ca [207-210]. The extra Ca
precipitates into more Mg,Ca phase at the grain boundaries,
resulting in more mass loss during immersion testing [207].
Deng et al. investigated Mg micro-alloyed with Ca between
0.05-0.15% and showed that Mg with 0.15% Ca had the best
corrosion performance with a corrosion rate of ~0.1 mm/yr
after 7 days immersion in 3.5% NaCl, which was even lower
than ~0.3 mm/yr measured on the high purity Mg [203]. The
improved corrosion resistance was determined to be a result of
Ca restricting the kinetics of the water reduction reaction and
producing a dense thin surface film quickly once immersed.
They also discussed the potential role of Ca in limiting the
ability of Fe impurities to precipitate. They argued that this
is due to Si, which would normally help with Fe precipi-
tation, is used to form small Mg-Ca-Si phases or clusters.
Deng et al. continued this work by exploring the effects of
thermal mechanical processing on the Mg-0.15Ca alloy and
found significantly accelerated corrosion after heat treatment,
rolling, or extrusion [200]. This was the result of Fe precipi-
tation during processing despite only having 16 ppm Fe. This
significantly hinders Mg-Ca alloys usability as it is restricted
to as cast condition. Additional micro-alloying of Ge, Sn, and
In were attempted in the same work with only In able to pre-
vent significant corrosion after thermomechanical processing.
They speculate this is a result of In modifying the solubility
of Fe in the a-Mg matrix.

7.5. Magnesium-rare earth (RE) alloys

In Mg alloys, RE elements have been used to improve
both corrosion resistance and mechanical performance si-
multaneously [211]. The uniqueness of RE is their similar
electrochemical potential to Mg so that precipitation of RE-
containing phases can strengthen the material without sig-
nificant cathodic acceleration as seen with other phases like
those containing Al or Zn [212-214]. Additionally, Mg-RE
alloys have shown potential to significantly modify the corro-
sion film such that it becomes more protective. Recently, Zhu
et al. have demonstrated the ability of Mg-11Y-1Al to sponta-
neously generate a dense film of Y,03;, MgO, and AlO; [190].
This was found to be the result of Al precipitating onto the
surface as AI(OH); and acting as a nucleation site for both
Mg and Y containing hydrides. Without Al, the Mg-11Y alloy
possessed little Y in the film resulting in worse corrosion per-
formance compared to AZ91D and commercially pure (CP)
Mg. Using multiple elements to aid in the formation of a
truly passive film warrants further study especially if it can
produce similar improvements with less-RE or cheaper RE
than Y.

The economic and environmental cost of increasing RE
usage globally combined with the higher density of RE con-
taining alloys has resulted in extensive work to use lean-RE
additions to achieve similar improvements [115,215,216]. Si-
multaneous exploitation of reduced cathodic potential in sec-
ondary phases and element assisted protective film formation
is showing great promise to create truly corrosion resistant
“stainless” Mg alloys.

8. Summary and future outlook

As summarized in this article, it is our belief that Mg as
a material class is presently at a crossroads, facing 1) enor-
mous technical and sustainability challenges as an industrial
metal for mass production; and 2) significant opportunities
but substantial road blocks as a technology metal for emerg-
ing applications in biomedical devices and energy systems.
The following strategies are suggested:

1) Non/low-carbon production of primary Mg: Current
Pidgeon process production needs to be dramatically
improved or gradually phased out due to its inherent
CO, emissions. More production of Mg is needed us-
ing electrolytical or non-carbon thermal reduction pro-
cesses.

2) Increased end-of-life (EOL) recycling of Mg compo-
nents: It is important to increase sorting and collecting
EOL Mg scrap for recycling to produce secondary Mg
alloys to achieve material circularity in Mg.

3) Total life cycle assessment (LCA) for Mg production:
It is suggested that an international LCA for Mg pro-
duction including major Mg producing countries be
conducted by a neutral organization/committee to pro-
vide creditable data for end-users to access the carbon
footprint and energy consumption in various steps of
Mg primary production and downstream manufacturing.
Such information will build confidence of Mg as an im-
portant industrial metal.

4) Corrosion-resistant ("stainless") Mg alloys: Fundamen-
tal research on Mg corrosion mechanisms has generated
important guidance for developing corrosion-resistant
Mg alloys. Current research has shown promises of us-
ing Ca and RE alloying to substantially improve the cor-
rosion resistance of Mg alloys. Future efforts are needed
to optimize and scale up these materials for truly stain-
less Mg alloys for industrial applications.

5) Flame-resistant Mg alloy development: Flame resistance
is a critical requirement for aerospace applications in-
cluding interior (seat and luggage compartment) compo-
nents. Ca and RE elements have been found to increase
the ignition temperature of Mg alloys, and new Mg al-
loys should be certified for aerospace applications.

6) Alloy development for high thermal and electric con-
ductivity: Applications in electric, electronics and con-
sumer products often require conductivity of heat and
electricity for their functional (in addition to mechani-
cal) performance. New Mg alloys balancing mechanical
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properties and conductivity are needed for these appli-
cations.

7) Mg-based advanced material development: Emerging
materials including metal matrix composites (with
micro- and nano-scale reinforcements), multicomponent
concentrated (high or medium entropy) alloys, function-
ally gradient materials should be investigated to make
Mg both an industry and a technology metal for the
future.

8) Mega-casting development: One of the new develop-
ments for aluminum applications is the large thin-wall
die casting (mega/giga castings) for automotive body
structures especially for electric vehicles. With better
castability in terms of fluidity and thin-wall capability of
Mg vs. Al alloys, it is expected that Mg mega-castings
will be used in these applications, provided that joining
and corrosion issues can be addressed via design and
coating/isolation measures.

9) Room temperature (RT) Mg forming: The room-
temperature formability of Mg alloys with HCP crys-
talline structure can be significantly improved via
micro-alloying with Ca or Ce which modifies texture
and refine grain structure. New Mg sheet and extru-
sion alloys with comparable RT formability of Al sheet
alloys offer opportunities for Mg sheet components in
automotive, aerospace and electronics industries.

10) Additive manufacturing (AM): AM is emerging pro-
cesses for making low-volume Mg products from
CAD design to finished products with no hard tooling
needed, especially for personalized medical devices. It
is still challenging to produce high-quality Mg pow-
der in a safe and robust process. Thus, wire-based
AM processes have advantages over powder-based pro-
cesses. Also, binder-jetting process is faster and safer
than fusion-based AM process, despite the need of
subsequent sintering process for binder-jetting printed
parts.

11) Mg-ion battery development: Mg-ion battery is a
promising new technology which could replace Li-ion
batteries, due to the lower cost and a more abundant
supply of Mg than Li metal. Major challenges for
Mg-ion battery technology include its electrolyte and
cathode development. Mg anode can react with many
organic electrolytes to form ionic insulating passiva-
tion films resulting in irreversible plating and stripping,
which could be mitigated by new Mg alloy anode and
coating technology.

12) Hydrogen storage: Mg hydride has a higher gravimetry
hydrogen capacity and lower cost compared to other
hydride-forming metals such as Li. However, its slug-
gish hydrogenation/dehydrogenation kinetics requires
higher operating temperatures, which need to be re-
solved. New Mg hydride chemistry and processing tech-
niques are expected to improve the kinetics of hydrogen
absorption/desorption and reduce the operation temper-
atures.

Going forward, with increasing global research and devel-
opment efforts on Mg alloys, process innovations and prod-
uct development, Mg can grow both as an industrial metal for
lightweighting applications in many sectors, and as a technol-
ogy metal for emerging biomedical and energy applications.
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