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REVIEW

Designing highly ductile magnesium alloys: current status
and future challenges

Umer Masood Chaudrya,b, Sravya Tekumallac, Manoj Guptad, Tea-Sung Junb, and Kotiba Hamada

aSchool of Advanced Materials Science & Engineering, Sungkyunkwan University, Suwon, South Korea; bDepartment of Mechanical
Engineering, Incheon National University, Incheon, South Korea; cSchool of Mechanical and Aerospace Engineering, Nanyang
Technological University, Singapore; dDepartment of Mechanical Engineering, National University of Singapore, 9 Engineering
Drive, Singapore

ABSTRACT
In order to reduce oil consumption and avoid fossil fuel-related environmental problems,
scientists are always looking for lightweight structural materials that show high performance
during both processing and application. Among various candidates, Mg seems to be the
most promising. Mg is �33, 60, and 75% lighter than Al, Ti, and steel, respectively.
However, the vast applications of Mg are impeded due to its intrinsic brittleness at room
temperature, which is related to the hexagonal close-packed crystal structure of Mg. In this
crystal structure, the limited number of independent slip systems available at room tem-
perature leads to brittle behavior and low fracture toughness. Thus, engineers and scientists
all over the world have shown a great deal of interest in fabricating Mg-based materials
with improved ductility. In this review, accordingly, the origin of low ductility in pure Mg
and the fundamentals of designing highly ductile Mg alloys will be presented and critically
discussed. In addition, the recent advances achieved in the field of Mg alloys with high duc-
tility via control of structure and composition will be outlined. Finally, various properties of
highly ductile Mg-based materials, including creep, fatigue, corrosion, and formability, will
be discussed.
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1. Introduction

1.1. Importance of lightweight materials

Global warming is one of the most important issues that
mankind is currently facing. It is a major factor in climate
change, which, in addition to increasing the earth’s average
temperature, is also responsible for rising sea levels and fre-
quent events of extreme weather. The intergovernmental
panel on climate change (IPCC) reported that the observed
high rate of global warming since the mid-20th century is
dominantly caused by human activities, as illustrated by
Figure 1a.[1] The major source of greenhouse gas emissions
is the burning of fossil fuels, which mainly results in the
emission of carbon dioxide (CO2) gas, the largest contribu-
tor to global warming. For example, from 2007 to 2016,
human activities have added 10.7� 1012 Kg of carbon to
the atmosphere each year, of which 9.4� 1012 Kg came
from the burning of fossil fuels (Figure 1b).[2] In recent
years, there has been a vigorous debate over energy conser-
vation and environmental protection. Scientists and engi-
neers are looking for ways to mitigate the emission of CO2

and avoid its adverse effects on the atmosphere. When
looking at CO2 emissions from the burning of oil by vari-
ous sectors, it becomes evident that emissions are domi-
nated by the transportation sector, which showed linear
growth in emissions over the past five decades as presented
by Figure 1c.[3] In response to tightening climate change
policies and emission standards, world-leading countries
have developed fuel consumption standards and regula-
tions by implementing aggressive emission targets. For
instance, the USA plans to reduce oil consumption by pas-
senger cars from 6L to less than 5L per 100km by the year

2025 (Figure 1d).[4] For this reason, developing high-per-
formance lightweight structural materials for the automo-
bile and aerospace industry is essential, as it would allow
for simultaneous reductions in oil utilization and environ-
mental pollution. For example, for every 100kg weight
reduction of an automobile, fuel consumption is estimated
to improve by 0.9 km/L.[5] Out of various candidates, mag-
nesium (Mg) is considered the best potential candidate to
serve this purpose.

Mg is the lightest among the structural metallic materi-
als, with a density that is 66% that of aluminum (Al), 39%
that of titanium (Ti) and 23% that of steel, and is recog-
nized as the best next-generation lightweight metallic
material.[6] Mg is widely available, comprising 2.7% of the
earth’s crust (8th most abundant element), and can be
commercially produced from ore with a purity of more
than 99.8%. Hence, there are sufficient Mg resources for it
to be substituted for Al and steel in diverse engineering
applications. In addition to its low density and high abun-
dance, Mg and its alloys show higher strength-to-weight
ratios than other conventional materials (Figure 1e).
Furthermore, because it is nontoxic to the human body
and displays enhanced biodegradation and excellent bio-
compatibility in physiological conditions, Mg has emerged
as an ideal candidate for permanent implant materials.
Moreover, Mg and its alloys show superior castability,
such that complex shapes can be fabricated at a high pro-
duction rate. Additionally, from the viewpoint of environ-
mental protection, Mg surpasses other materials, with a
recyclability of 100%.[7] Based on the above discussed mul-
tiple advantages, Mg has been under immense investiga-
tions during last two decades as represented by Figure 1f.
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1.2. History of magnesium use

Figure 2 shows the historical background and scien-
tific development of magnesium alloys. Mg was first
discovered in the form of magnesium carbonate and

was called “Magnesia” in ancient Greece. Sir Humphry
Davy was the first chemist to successfully isolate Mg in
its elemental form. Later on, in 1831, Bussey[8] reported
the formation of a hydroxide layer on the surface

Figure 1. (a) Change in temperature occurring naturally or by human activities from pre-industrial age,[1] (b) Increase in atmos-
pheric concentration of CO2 over the years,[2] (c) Classification of CO2 emissions from oil by various sectors,[3] (d) Comparison of
fuel consumption standards in Major countries,[4] (e) Strength of several metals as a function of density, (f) Research output on
Mg-based materials as reported in web of science from 2009 to 2018 (The data was obtained for topic: Magnesium and topic:
mechanical properties).

Figure 2. Scientific developments of Mg and potential applications over the years.
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of Mg after exposure to moist air. The mechanism of
negative difference effect (NDE) in Mg (evolution of
hydrogen gas during anodic polarization) was studied
by Beetz.[9] Commercial production of Mg began in
1852, when Robert Bunsen carried out electrolysis of
fused magnesium chloride. Today, Mg is extracted
using two different processes, high-temperature reduc-
tion of MgO by Si and electrolysis of magnesium chlor-
ide; a purity of more than 99% can be successfully
achieved by both processes. The applicability of Mg in
biomedical applications has been under consideration
since the 1800s. Edward C. Huse was the first to use
Mg wires as ligatures in 1878.[10] In 1896, Germany
established the first plant for Mg production. This
remained the only Mg-producing facility until 1915,
when Italy started commercial production of Mg.

Since the 1900s, the global automobile industry has
used Mg to make a wide range of parts, i.e., mounts,
brackets, housing, and oil pumps. In the 1930s, the
Bugatti Aerolithe car was built, in which the car body
was fabricated using a Mg alloy (Elecktron) instead of
Al alloys. Later, Mercedes Benz (1955), Porsche
(1971), and BMW (2005) used Mg alloys to make car
bodies and engine blocks.[11] Historically, Mg was
considered a potential candidate for aerospace applica-
tions, and Wright Aeronautical first fabricated a Mg-
based crankcase in the Wright duplex cyclone aviation
engine. Given the remarkable characteristics of Mg, in
2010, Sony introduced a camera in which the main
body is made of Mg. Samsung and LG have also

introduced various devices containing Mg fabricated
parts, including the world’s lightest laptop, which has
a Mg alloy main body.

1.3. Traditional magnesium alloys

In spite of its light weight and high natural abun-
dance, the applicability of Mg as a structural material
remains limited due to its intrinsic brittleness at room
temperature (RT), which is related to its hexagonal
close packed (HCP) crystal structure. The RT proper-
ties of pure Mg can be significantly enhanced by
alloying Mg with various elements. During the past
decade, Mg has received a tremendous amount of
attention and been the subject of vigorous research,
and interest in designing and developing new Mg
alloys for diverse applications is currently growing
(Figure 3). Mg alloys involve dispersion of intermetal-
lic particles in the a-Mg matrix, which contributes to
their superior mechanical properties. The most
researched Mg alloy system contains Al and/or Zn
and Mn (AZ31, AZ61, AZ91, AM60, AM61). These
alloys show a broad range of mechanical properties;
ductility of up to 40% and high tensile strength of
300MPa have been reported.[12] On the other hand,
the low creep resistance observed in this alloy system
can be attributed to the presence of a Mg17Al12 phase
with a low melting temperature, which limits the
applicability of the alloys above 120 �C. Recently,
next-generation Mg-Al-Zn-Ca alloys with higher

Figure 3. Conventional Mg alloys for various applications.
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thermal stability have been developed; specific alloy
composition along with thermo-mechanical processing
have produced materials with superior properties such
as high tensile ductility, high strain hardenability, and
lower anisotropy. The excellent combination of prop-
erties is attributable to the intermetallic compounds
(IMCs), which lead to thermally stable, weak basal
textured and fine grained Mg-based materials.[13–15]

In addition, Mg-Li alloys have demonstrated super-
plastic behavior based on their bi-phase structures,
consisting of Mg-rich a (HCP) and Li-rich b (BCC)
phases, when Li concentrations are between 5.7 and
11wt%. Alloys with rare earth (RE) elements have
demonstrated multiple advantages, such as strength/
ductility synergy and improved creep resistance, due
to the presence of IMC with higher melting points.

A Mg97Zn1Y2 (at%) alloy produced by a rapid
solidification powder metallurgy technique showed a
yield strength of more than 600MPa.[16] Rolled Mg-
Gd-Zn alloy sheets have been reported to be highly
ductile alloys with a 40% elongation to failure
value.[17] A Mg-9Li-1Y (wt%) alloy has been reported
to exhibit extremely high elongation of over 50%.[18]

Moreover, excellent RT formability and ductility have
been reported in Mg alloys with dilute (< 1%) RE
alloying.[19,20] In addition, Al-free Mg alloy systems,
such as Mg-Zn-Zr (ZK series), Mg-Nd-Y-Zr (WE ser-
ies), Mg-Ag-Nd-Zr (QE series), Mg-Gd-Nd-Zr
(Elektron 21) and Mg-Zn-RE-Zr (ZE series), have
been reported to demonstrate high creep resistance
and can be used at operating temperatures of up to
300 �C. The formation of various IMCs, such as
Mg24Y5, Mg14Nd2Y, NdAgMg11, Mg7Nd, Mg3Nd, etc.,
in the abovementioned Mg alloy systems can
strengthen the alloy by particle hardening or particle
strengthening. The presence of Zinc (Zn) along with
other elements produces precipitation-hardenable
magnesium alloys with superior strength and high
corrosion resistance.

Over the past few years, there have been intense
efforts to design Mg-based composites by adding cer-
amics, nano-carbon, or metal reinforcements to
ensure high elastic modulus, positive creep properties,
superior fatigue characteristics and to modify thermal
expansion. One major obstacle is the high chemical
reactivity of Mg with foreign reinforcements, which
can impair the reinforcement material. Thus, there is
an urgent need to identify the appropriate reinforce-
ment and fabrication procedures that ensure the
superior properties of the resultant materials for uti-
lizing in widespread applications. Kaibo et al.[21] fabri-
cated a TiCp/Mg-4Zn-0.5Ca (wt%) nanocomposite

using an ultrasonic-assisted semisolid stirring method
and reported a yield strength (YS), ultimate tensile
strength (UTS) and elongation (El) of 355MPa,
386MPa, and 10.2%, respectively. The improved prop-
erties were attributed to the grain refinement and
high fraction of MgZn2 phase due to the addition of
TiCp nanoparticles, which promoted particle-stimu-
lated nucleation by providing a large driving force for
dynamic recrystallization. Deng et al.[22] fabricated
SiCp/AZ91 with high tensile strength (441MPa) and
high elastic modulus (60GPa) by stir casting and
extrusion at 250 �C at speeds of 0.01, 0.1, and 1mm/s.
Precipitation of ultrafine Mg17Al12 during the extru-
sion process was suggested to be the cause of the
improvements in material properties. To identify the
effect of oxide nanoparticles on the wear behavior of
Mg alloys, an Al2O3/AZ31 nanocomposite with vary-
ing amounts of Al2O3 (0.66, 1.11, 1.5 wt%) was fabri-
cated by powder metallurgy with a microwave
sintering technique followed by hot extrusion. The
results revealed that the 1.5 wt% Al2O3/AZ31 nano-
composite showed the highest wear resistance of all
composites tested.[23]

1.4. Potential applications of magnesium alloys

1.4.1. Automotive industry
Using Mg and its alloys as substitutes for conventional
materials in the automotive industry can significantly
reduce vehicle weight from 22% to 70%, which can
contribute to better fuel economy and environmental
protection. The excellent vibration dumping capabil-
ity, castability and high strength to weight ratio make
Mg an ideal candidate for such applications. In add-
ition, vehicle weight reduction is inevitable based on
the strict global policies meant to mitigate greenhouse
gas emissions. As CO2 emissions are directly related
to fuel utilization, vehicle weight has emerged as the
most important criterion for assessing design effi-
ciency. The necessary weight reduction can be
achieved by innovative design and use of lightweight
materials (Figure 4a).[24] Since the 1900s, the automo-
tive industry has been continuously engaged in replac-
ing denser vehicle components with lightweight Mg
alloys. The Bugatti Aerolithe, made in 1930, was the
first car with a Mg main body, and, later, Porsche
introduced the first car with a Mg engine. From 1990
to 2007, BMW achieved a 30% reduction in fuel util-
ization by introducing the world’s lightest 3.0-liter in-
line six-cylinder gasoline engine featuring Mg alloy
housing surrounding Al inserts. The innovative design
lead to high power performance and enhanced fuel

6 U. MASOOD CHAUDRY ET AL.



efficiency in addition to environmental benefits.
Figure 4b shows the overall fraction of weight reduc-
tion that can be achieved by using Mg as an alterna-
tive to other conventional materials. Mg-Al cast alloys
including Mg-(2-6)Al (wt%) (AM series) and Mg-9Al-
1Zn (wt%) (AZ91) are the most common Mg alloys
used to fabricate instrument panels, steering wheels,
etc. because of their adequate combination of RT
strength and ductility. The pre-requisites for utilizing
Mg alloys in the automotive industry include metal-
lurgical and thermal stability, superior creep proper-
ties, castability for complicated shapes and good
corrosion resistance. However, the high reactivity of
Mg in a molten state, low corrosion resistance, and
inferior creep properties have restricted widespread
applications. Accordingly, significant research is still
necessary to advance alloy development, corrosion
resistance, welding and joining, surface treatments
and mechanical properties.

1.4.2. High temperature applications
Interest in designing a heat-resistant Mg alloy is grow-
ing based on the multiple advantages it would offer.
However, due to the high grain boundary diffusion
coefficient of Mg, current strengthening mechanisms
are not effective at achieving superior mechanical
properties at elevated temperatures. A strengthening
mechanism such as the Orowan process contributes to
improvements in the temperature strength of Mg-
based materials since the Orowan process is not easily
reduced by diffusion. Accordingly, extensive investiga-
tions have been carried out in attempts to improve
the high-temperature properties of Mg alloys based on

precipitation behavior and to study the underlying
strengthening mechanism. Mg-RE-based alloys have
emerged as new heat-resistant alloys due to the pre-
cipitation hardening and high solubility of the a-Mg
matrix at high temperatures.

Liu et al.[25] fabricated a low-pressure sand-cast
Mg-10Gd-3Y-0.5Zr (wt%) (GW103K) alloy with excel-
lent properties at elevated temperature. The RT yield
strength (YS), ultimate tensile strength (UTS) and
ductility of the sample peak aged at 250 �C for 12 h
were 247MPa, 360MPa and 2.7%, respectively (Figure
5a and b). The YS and UTS of the alloy were found
to have a direct relationship with the temperature,
and the maximum values of YS (255MPa) and UTS
(368MPa) were achieved at 125 �C. The alloy aged at
225 �C for 14 h showed YS and UTS values of
250MPa and 350MPa at 200 �C, respectively. A per-
manent mold cast Mg-3.5Sm-2Yb-0.6Zn-0.5Zr (wt%)
(SmYbZK4210) with an excellent balance of strength
and ductility at elevated temperatures was fabricated
by Meng et al.[26] The YS, UTS, and EL were
182MPa, 279MPa, and 18.2% and 127MPa, 186MPa,
and 15% at 200 �C and 300 �C, respectively.
Transmission electron microscopy (TEM) revealed
that the coexistence of fine prismatic b00 and basal c00

phases along with coarse tridentate precipitate (TP) is
mainly responsible for the improved high-temperature
properties of the SmYbZK4210 alloy (Figure 5c–e).

Wang et al.[27] investigated the compositional
dependence of Y in a Mg-10Gd-xY-0.4Zr
(x¼ 1,3,5 wt%) alloy and reported that the tensile
properties were enhanced with an increase in Y con-
tent. As showed in Figure 5f, the Mg-10Gd-5Y-0.4Zr

Figure 4. (a) The relation between fuel consumption and vehicle mass,[24] (b) The comparison of weight of various car compo-
nents fabricated by Al, steel and Mg (The figure inset shows the % weight reduction for fabricating different parts using Mg as
compared to conventional materials).

CRITICAL REVIEWS IN SOLID STATE AND MATERIALS SCIENCES 7



alloy showed the best mechanical properties at peak
aged conditions; values of 340MPa and 267MPa were
recorded for UTS and YS, respectively, at 250 �C. The
remarkable improvement was attributed to the homo-
geneous distribution of b and b0 precipitates in the
Mg matrix. The high-temperature mechanical proper-
ties of a Mg-2.49Nd-1.82Gd-0.19Zn-0.4Zr (wt%) alloy
were evaluated by Liu et al.[28] The UTS and YS of
peak aged alloy were 287MPa and 206MPa at RT,
240MPa and 175MPa at 200 �C, and 220MPa and
165MPa at 250 �C, respectively (Figure 5g). The pres-
ence of rod-shaped metastable Mg7Nd, Mg3Nd, coarse
Zn2Zr3, and dispersed interdendritic Mg12Nd precipi-
tates within the a-Mg matrix were responsible for the
improved properties. The tensile properties of a peak-
aged Mg-4Y-3RE (wt%) alloy at RT to 550 �C were
studied by Mabuchi et al.,[29] and the results revealed
that the alloy exhibited a strength of > 250MPa from
RT to 200 �C. The strength rapidly reduced at 300 oC,
which was attributed to the initiation of the grain
boundary sliding phenomenon, as shown in
Figure 5h.

1.4.3. Biomedical applications
Owning to its superior biocompatibility, high specific
strength, and dissolution profile in physiologic media,
Mg has emerged as a potential alternative to the per-
manent metallic implants that have been used for the
tissue healing process and fracture repairs for more
than 100 years. The use of biodegradable Mg implants
has been a game changer, since this avoids additional

surgical procedures for implant removal.
Biodegradable implants stay in the body temporarily
to support a fractured bone during the healing pro-
cess, and then are gradually absorbed as nutrients.
One major advantage of Mg implants involves the
high recommended daily intake of Mg (240–420mg/
day), which is several times higher than that of other
commonly used implant materials. In addition, Mg
has appropriate mechanical properties and an elastic
modulus (45GPa) close to the elastic modulus of
bone (3–20GPa), which reduces the risk of stress
shielding. However, a high degradation rate, rapid
non-uniform corrosion behavior and excessive hydro-
gen evolution have been the major drawbacks of Mg
implants, all of which lead to deterioration in mech-
anical properties.

Since 1800, when Edward C. Huse employed Mg
wires as ligatures, doctors and researchers have
attempted to exploit Mg for biomedical applications.
In 1948, Troitskii and Tsitrin successfully carried out
pseudarthrosis surgery using a Mg-Cd alloy. Figure 6a
and b display a comparison of the mechanical and
corrosion properties of the most-researched elements
(Fe, Zn and Mg) for biomedical applications.[30–37]

During the past two decades, there has been a huge
emphasis on improving the biodegradation and corro-
sion characteristics of Mg implants by suitable alloy-
ing, implant design optimization and further surface
treatments. Heublein et al.[38] used a stent made of a
Mg-2Al-1RE (wt%) alloy and confirmed the nontoxic
nature of Mg alloys toward the human body. In

Figure 5. Tensile properties of GW103K alloys under (a) 525 �C � 12 h þ 225 �C � 14 h, (b) 525 �C � 12 h þ 250 �C � 12 h con-
ditions,[25] (c,d) BF-TEM micrograph of SmYbZK4210 alloy, where yellow arrows and green arrows show b00 reflections and c00

reflections, respectively and (e) shows the TP phase,[26] (f) Tensile properties of Mg-10Gd-xY-0.4Zr (x¼ 1,3,5wt%) alloy as a func-
tion of temperature,[27] (g) High-temperature mechanical properties of Mg-2.49Nd-1.82Gd-0.19Zn-0.4Zr alloy,[28] (h) Tensile proper-
ties of peak aged Mg-4Y-3RE alloy from RT to 550 �C.[29]
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addition, a stent fabricated from a WE43 alloy dem-
onstrated satisfactory mechanical properties in the
physiological environment.[39] Moreover, alloying Mg
with Al lead to a decrease in the corrosion rate in
phosphate-buffered solution (PBS) and simulated
body fluid (SBF), which was attributed to the forma-
tion of an insoluble Al2O3 layer instead of a soluble
Mg(OH)2 layer.[40] Ca-containing Mg alloys have
demonstrated excellent results in terms of superior
ductility and enhanced formability. In addition, it has
been reported that addition of up to 0.6 wt% Ca to
Mg improves the corrosion resistance of Mg-Ca alloys,
whereas further increases in the Ca concentration
result in the opposite trend. A higher concentration of
Ca results in an increased fraction of the Mg2Ca
phase, which increases the probability of galvanic cell
formation.[41]

1.5. Review summary

Magnesium (Mg) alloys have been receiving a great
deal of attentions for the past 20 years owing to its
widespread availability, low density, and adequate
mechanical properties. The current review sheds per-
tinent information on the bottlenecks and obstacles
impeding the vast applications of Mg alloys. Historical
and most recent research in Mg and its alloys have
been critically reviewed from the alloying design pro-
spect and in terms of microstructure-processing-prop-
erties relationship and the challenges associated with
designing highly ductile Mg alloys are identifies and
deeply discussed. Accordingly, the novel alloy design,
various pre/post processing techniques and predicting
the alloying combinations using integrated

computational materials engineering (ICME) and
machine learning (ML) are discussed.

The current review is classified to render the com-
prehensive and up-to-date overview of key issues asso-
ciated with intrinsic brittleness of Mg alloys. 1st

section is devoted to the importance, historic back-
ground and most famous Mg alloys being used for
various applications. In addition, key potential utiliza-
tion areas have also been identified and discussed.
Section 2 provides systemic summary of various
aspects associated with the inferior properties of Mg
alloys and most crucial atomistic flow mechanisms for
designing highly ductile Mg alloys. Section 3 covers
the important strategies including microstructure/tex-
ture modifications and altering the CRSS by appropri-
ate alloying or pre/post processing for enhancing the
properties of Mg alloys. Section 4 focuses on the
recent advancements in Mg ductilization and thor-
oughly investigate and discuss the important Mg
alloys. Moreover, the most important severe plastic
deformation (SPD) techniques being employed for
improving the mechanical properties of Mg alloys
have been reviewed and discussed. The last part of
section 4 is dedicated to the important types of Mg
composites, the key processing parameters, and the
strategies to achieve strength-ductility synergy in Mg
composites. Section 5 reviews the most important fea-
tures of Mg alloys and the pertinent obstructions in
the widespread utilization is discussed. Finally, section
6 have been dedicated to the most recent opportuni-
ties for the advancements in scientific and experimen-
tal methodologies and the conclusive remarks.

It is pertinent to mention that despite the numer-
ous research and extensive information on Mg alloys,
yet there is no comprehensive literature available

Figure 6. Comparison of (a) mechanical properties,[30–35] and (b) corrosion rate[30–37] of Zn, Fe and Mg alloys.
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discussing the fundamentals issues associated with the
low ductility of Mg based materials. However, there
are several important review papers on various aspects
of Mg, for instance, the properties, applications and
potential of Mg,[7] effect of rare-earth elements on
texture evolution,[42] development of rare-earth free
Mg alloys with high strength,[43] Hall-Petch relation-
ship in Mg alloys,[44] pre-twinning in Mg alloys,[45]

optimization of texture,[46] corrosion in Mg alloys,[47]

properties and applications of Mg-based nanocompo-
sites.[48] However, no review paper discusses the most
fundamental impediments hindering the global grow-
ing interest in Mg alloys. The current review paper
attempts to furnish a conclusive standpoint on the key
fundamentals barriers and identifies gaps forestalling
through understanding of diverse features.

2. Why pure magnesium is brittle?

2.1. Deformation modes in pure magnesium

2.1.1. Slip systems
Deformation of metals is facilitated by the movement
of line defects along densely packed planes and in the
direction of close-packed lattices. These microscopic
defects are called dislocations, and their associated
crystallographic features are referred to as slip sys-
tems. Slip is the most important deformation

mechanism in metals as every crystal can deform
along a specific direction and high deformation com-
patibility is required for macroscopic plasticity.
According to the von Mises criterion, at least five
independent slip systems need to be activated to
accommodate plastic deformation in polycrystalline
materials.[49] Cubic crystals demonstrate excellent
plastic deformation based on a sufficiently high num-
ber of independent slip systems due to their high crys-
tal symmetry; however, a hexagonal close-packed
(HCP) structure shows a lack of independent crystal-
lographic shears.[50] As previously mentioned, Mg and
its alloys are regarded as next-generation materials
and have a remarkable potential to promote energy
efficiency. Despite the tantalizing properties of such
materials, the widespread applications of Mg have
been hampered due to its limited intrinsic ductility at
RT, which can be traced to insufficient deformation
slip modes owing to its HCP structure.

The slip systems in Mg can be classified into two
categories, (i) basal slip system operating in the (0001)
basal plane and (ii) non-basal slip system (prismatic
f1011g, pyramidal f1011g and 1022f g) operating in
non-basal planes (Figure 7a). In spite of having a large
number of overall slip systems, Mg demonstrates poor
ductility, which can be attributed to the fact that the
relative ease with which deformation is accommo-
dated varies among different slip systems. The

Figure 7. (a) Various slip systems in Mg, (b) Relative activities of Basal and Prismatic slip in AZ31 and AZ31-0.5Ca,[14] (c) The effect-
ive CRSSs (CRSSP/CRSSB) as a function of CRSS of basal slip for single and polycrystalline Mg alloys.[14,51–64]
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quantitative parameter, which describes the ease of
slip on different slip modes, is referred to as critical
resolved shear stress (CRSS), and the approximate
CRSS values for different slip modes are estimated
through various modeling techniques, such as elasto-
plastic self-consistent (EPSC) modeling, viscoplastic
self-consistent (VPSC) modeling, and others.[14,51,65,66]

At RT, the plastic deformation of Mg is only governed
by 0001f g < 1020 > basal< a> dislocation slip and
f1012g < 1011 > tensile twinning owing to their low
CRSS as compared to non-basal slip systems.[67–69]

However, basal< a> slip could not accommodate
strain along the c-axis, rather the crystal c-axis is
rotated parallel to the direction of stress loading, lead-
ing to strong basal textural components, and Mg
eventually fails at low strains.[70] At higher tempera-
ture, more slip occurs on the pyramidal f1011g plane
without a change in direction.

Accordingly, the limited intrinsic ductility is associ-
ated with the inability of HCP Mg to plastically
deform in the crystallographic< c> direction, which
can be accomplished by dislocation glide on the pyr-
amidal II plane with< cþ a>Burgers vector and,
hence high ductility in Mg can be achieved by gener-
ating more< cþ a> dislocations.[14,71,72] In polycrys-
talline Mg, the CRSS of slip systems is influenced by
the hardening induced by grain boundaries (GBs),
second phase particles, and solute atoms, which can
be described by the following equation:

s ¼ CRSSþ Ds (1)

Here, s is the effective CRSS, and Ds is the harden-
ing contribution by the abovementioned microstruc-
tural features. The CRSS values of the basal and
prismatic slip systems for single-crystal Mg are 1 and
40MPa, respectively. Based on Eq. [1], the relative
activity ratio (CRSSP/CRSSB) can be written as:

sP
sB

¼ 40þ Ds
1þ Ds

(2)

In Mg, generally, addition of dilute alloy elements
leads to hardening of basal slip, while prismatic slip
undergoes solute softening. Narrowing down the
CRSS gap between basal and non-basal slip systems
(�1–40 and 1–100MPa for basal-prismatic and basal-
pyramidal, respectively) is considered to be the key to
designing highly ductile Mg alloys. This can be
achieved by manipulating the relative activity of non-
basal slip systems or by stabilizing the dislocations on
the basal plane with the addition of various alloy ele-
ments. Several works have previously reported Mg
alloys with improved properties based on the effect of
added elements on dislocation mobility between the

basal and non-basal systems. Addition of solid solu-
tions has been demonstrated to impose strong harden-
ing in the basal plane while softening the prismatic
slip, resulting in activation of the non-basal slip sys-
tem, and this interplay between the softer and harder
slip modes determines the strength and ductility of
the resulting material. In particular, dilute alloying
with RE elements produces a significant improvement
in RT ductility.[68,73–75] For example, elongation to
failure for Mg-Zn alloys was increased by the addition
of 0.2.wt% Ce, which contributed to the higher activ-
ity of the non-basal slip system.[76] Sandlobes et al.
demonstrated that the addition of yttrium (Y) signifi-
cantly enhances the activity of the< cþ a> slip sys-
tem, resulting in superior properties.[67] Byong et al.
introduced the AT31 (Mg-3Al-1Sn) (wt%) Mg alloy,
which showed a high Erichsen value (IE) of
10.2mm.[77] The microstructural characterization of
deformed AT31 by high-resolution transmission elec-
tron microscopy (HRTEM) revealed that
prismatic< a> slip is the dominating deformation
mechanism in addition to basal< a> slip, resulting in
high stretch formability. Teghtsoonian and Akhtar
showed that the addition of Zn can result in higher
activity of prismatic slip and hardening of basal
slip.[52,53] In addition, Yuasa et al. investigated the
effects of group II elements on the stretched formabil-
ity of Mg-Zn alloys and concluded that adding
0.06wt% Ca to a Mg-Zn alloy resulted in excellent
stretched formability because of an increase in the
activity of non-basal slip.[78] Particle-hardened basal
slip was also introduced to assess the high ductility of
Mg alloys containing calcium (Ca). Umer et al. intro-
duced AZ31-0.5Ca (wt%), which demonstrated
improved mechanical properties; in-grain misorienta-
tion axis (IGMA) analysis and VPSC calculations
revealed the absolute activation of prismatic< a> slip
(Figure 7b).[14,15] Figure 7c presents the sP/sB ratio as
a function of shear stress of the basal slip for various
Mg-based materials.[14,51–64] Accordingly, high ductil-
ity in Mg alloys can be achieved by keeping the sP/sB
ratio close to unity via hardening of basal dislocation
using various kind of obstacles or by softening of
non-basal slip systems.

2.1.2. Twinning systems
Twinning is an important deformation mode in Mg
alloys, in addition to slip systems. At RT, the CRSS of
deformation modes in Mg varies as CRSSbasal <

CRSStension twins < CRSSprismatic < CRSSpyramidal and
the relative ratio (CRSSP/CRSSB) is typically in the
range of 20–100MPa. Accordingly, twinning, in
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addition to basal slip, acts as a secondary deformation
mechanism to accommodate plastic strain by tension
twinning (TTW) along 1012f g < 1011 > and to some
extent by compression twinning (CTW) along
1011f g < 1012 > : Twinning on 1012f g leads to
expansion along the c-axis under tensile load, with the
basal plane in the twin being reoriented through
�86o. On the other hand, 1011f g twinning results in
contraction parallel to the c-axis, where the basal
plane is rotated through 56o under compressive loads
(Figure 8a).[81] Moreover, the CRSS of TTWs is much
smaller than that of CTWs, so extensive TTWs can be
generated in the Mg matrix upon deformation. In
addition, 1011f g � 1012f g double twins (DTW) can
also form when the crystallographic orientation of
1011f g is favorable for 1012f g twinning; in that case,
1012f g TTW occurs inside 1011f g CTW and over-
takes the fine CTW lamella. The development of
DTWs has been reported to cause premature failure
in Mg alloys because of microcrack formation and
dislocation pile-up at the twin-matrix interface, which
accelerates cracking.[82–84]

Accordingly, researchers have attempted to sup-
press the development of CTW and DTW by using
specific alloys or controlling the microstructure. Lentz
et al. provided a key insight when they reported high
compressive strain in a Mg-4wt% Li alloy, which was
achieved by relaxing the localized stress concentration
generated by DTWs by higher< cþ a> slip activity
(Figure 8b).[79] Twinning can also strengthen the
matrix, where twin boundaries act as an obstacle to
dislocation slip and become a cause of high work

hardening. It has been established that twinned tex-
ture formation can significantly enhance the mechan-
ical properties of Mg alloys. Besides accommodating
plastic strain, twinning deformation can also modify
the microstructure as twin lamellas divide the grains,
leading to grain refinement and also affecting slip
activity by altering the crystal lattice orientation,
resulting in improved properties.[85,86] Previously, it
was reported that TTW can overtake its parent grain
by growing thick under loading conditions, resulting
in lower strength but higher ductility.[81,87–89]

Moreover, twin-assisted dynamic recrystallization dur-
ing hot deformation largely influences the microstruc-
tural and mechanical properties of a material; twins
that existed before deformation and those formed dur-
ing deformation can provide preferred sites for static
and dynamic nucleation (Figure 8c).[80,90–92] Koike et
al. noted that, in rolled Mg sheets, deformation along
width strain can be accommodated by prismatic< a>
slip, while thickness strain can be coordinated
by< cþ a> pyramidal slip and 1012f g TTWs. Due to
the unavailability of< cþ a> slip at RT and the
inability of TTWs to resolve shear stress in three
directions, Mg demonstrated high plastic anisotropy
(r-value) at RT.[93]

2.1.3. Grain boundary sliding
In addition to dislocation slip and deformation twin-
ning, grain boundary sliding (GBS) is another plastic
deformation mechanism. In GBS, grains slide against
each other, resulting in superplastic behavior at ele-
vated temperature (�0.5 Tmp, where Tmp is melting

Figure 8. (a) Extension and contraction twins, (b) Formation of 10�11f g � 10�12f g double twins in 24% deformed Mg-4Li (wt%)
and the related misorientation distribution profile,[79] (c) TDRX in 12% cold rolled AZ31 followed by annealing at 280 �C
for 10 s.[80]
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point). This unique behavior is observed due to the
accommodation of a high diffusion rate of GB in
Mg.[94] Hence, thoroughly understanding the effect of
GB structures on GB migration and GB strengthening
can provide insights into the design of super ductile
Mg alloys. In this regard, Somekawa et al. carried out
nanoindentation creep testing and molecular dynamics
(MD) simulations on pure Mg to investigate the effect
of GB structures and related parameters that influence
GBS behavior.[95] The results suggested that high-
energy GBs showed high strain rate sensitivity, result-
ing in GBS. In addition, the MD calculations revealed
that the addition of Al to Mg tended to suppress GBS
due to a decrease in GB energy (0.32 J/m2 as com-
pared to 0.40 J/m2 for pure Mg). In another quantita-
tive work, Somekawa et al. investigated the effect of
dilute solute additions (Ag, Sn, Al, Li, Pb, Y, Zn) on
the tendency of GBS in Mg.[96] The GB energy values
calculated by first principle calculations using density
functional theory (DFT) were compared with the
experimental results from the nanoindentation tests
on the same alloy compositions. The results suggested
that the Mg-Li and Mg-Y alloys showed the maximum
and minimum values of GB energy owing to their
weak and strong bonding with Mg, respectively. It

was concluded that GB energy can be used to reliably
predict the overall activation of GBS when developing
highly ductile Mg alloys.

Moreover, the origin of GBS is considered to be
slip-induced due to plastic deformation inhomogen-
eity near the GB, where both the basal and non-basal
slip systems can be activated based on the stress/strain
compatibility associated with the GB. The relationship
between crystal orientation and GBS in a rolled
AZ31Mg alloy was investigated by Ando et al.[97]

Electron backscattered diffraction (EBSD) analysis of
the RT tensile deformed sample revealed that GBS
occurred at a localized deformation region near the
GB due to prismatic slip (Figure 9a and b). In add-
ition, the internal microstructural observation of GBS
showed the formation of new fine grains with high
angle grain boundaries at these shear zones as shown
in Figure 9c. It was proposed that GBS in AZ31 can
occur at RT due to localized crystal three-dimensional
rotation by dynamic recovery and dynamic recrystal-
lization by stress concentration near the GB.
Furthermore, GBS can be classified as (i) diffusion-
induced GBS, which is activated when the applied
resolved shear stress reaches the activation energy for
GB diffusion and (ii) slip-induced GBS, which occurs

Figure 9. (a) Surface with scribed grids of 10% tensile deformed AZ31, white arrows show GBS,[97] (b) FIB image of intersection of
slip line traces with GBS boundary, where yellow arrows show the slip line traces and white dotted lines represent the GBS bound-
ary,[97] (c) TEM image of internal microstructure of GBS boundary with subgrain boundaries indicated by white arrows,[97] (d)
Comparison of elongation to failure and yield strength received after RT tensile tests at a strain rate of 1� 10�3 s�1,[98] (e) RT
compression of pure Mg extruded at 80 �C and 300 �C,[99] (e) 96% RT rolled pure Mg showing excellent formability.[99]
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due to plastic compatibility at the GB in the presence
of a plastic anisotropic strain accompanied by the
absorption and dissociation of lattice dislocations at
the GB. Koike et al. carried out RT tensile deform-
ation of an AZ31Mg alloy at different temperatures
(RT to 523K) at a strain rate of 8.3� 10�4 s�1.[100]

The surface relief measurements of deformed samples
taken with a scanning laser microscope and the
related temperature dependence profiles revealed that
diffusion-induced GBS occurred in the samples
deformed above 423K, while slip-induced GBS was
observed in the samples deformed below 373K, which
resulted in severe surface undulation by operation of
dislocation slip on a basal plane.

Furthermore, superplasticity due to the occurrence
of GBS has frequently been observed at high tempera-
tures, but the occurrence of GBS at ambient tempera-
ture will resolve the issues associated with the inferior
mechanical properties of Mg and its alloys. The mech-
anism of GBS at elevated temperature has been pro-
posed by Rachinger and Lifshitz.[101,102] According to
the Rachinger model,[101] GBS occurs due to the dis-
placement of grains without changes in grain shape,
resulting in increased grain at the surface. This can
lead to large plastic deformation in fine-grained
material, while coarse-grained material can form cav-
ities, resulting in premature failure. On the other
hand, Lifshitz[102] proposed that GBS occurs due to
diffusion of vacancies through the GB, resulting in
elongation of grains in the tensile direction while the
surface grains remain constant; accordingly, a large
degree of plasticity can be achieved even for coarse-
grained material. In this regard, Peiman et al. carried
out high-temperature (230, 270, 350 �C) tensile creep
tests on the AZ31Mg alloy at stresses of 1–13MPa to
identify the mechanism of GBS during creep deform-
ation.[103] The observed activation energy and stress
exponent were 87 kJ/mol and 2, respectively, and the
line patterns developed from Ga ion beam spattering
confirmed the characteristics of GBS proposed by
Rachinger. It is well-established that the prevalence of
GBS increases with a decrease in grain size, but the
static recrystallization can be initiated at elevated tem-
peratures, leading to grain growth and, thus, suppres-
sion of GBS. Wu et al. carefully investigated the
correlation between superplastic behavior with respect
to energy related to grain growth and GBS for a high
ratio hot extruded AZ91Mg alloy containing various
Sn additions (0� 3wt%).[104] The results showed that
higher Sn concentration leads to an increase in the
activation energy of grain growth (29.7 to 35.2 kJ/mol)
and diffusion-mediated boundary sliding energy

(114.1 to 126.5 kJ/mol). A compromise was made
between both the energies at a certain strain rate and
temperature, and superplasticity was achieved (elong-
ation to failure > 1000%) in the AZ91-2Sn Mg alloy.

GBS is mostly witnessed at elevated temperature,
however, some authors have also reported excellent
mechanical properties due to the occurrence of GBS
in Mg at RT.[105–110] RT-GBS in nanocrystalline Mg
was reported by Hwang et al, in which strain rate sen-
sitivity measurements showed that the stress exponent
value is close to the predicted value of GBS (1.65 vs.
2), with a threshold stress value originating from the
inclusions of 125MPa.[111] Furthermore, Mg-0.3 Bi
(at%) reportedly shows superior RT ductility (170%)
at a strain rate of 1� 10�3 s�1, which was attributed
to an enhancement of GBS during deformation by
control of GB characteristics, i.e., large m-value and
lower flow stress leading to equilibrium GB forma-
tion.[98] Figure 9d shows a comparison of ductility
and YS for pure Mg, Mg-0.3 Bi (at%) and other fam-
ous alloys after RT tensile deformation at a strain rate
of 1� 10�3 s�1. Zeng et al. reported the occurrence of
GBS in pure Mg at RT.[99] Despite possessing strong
texture, the sample extruded at 80 �C showed superior
RT ductility, and intergranular mechanisms domi-
nated the typical deformation mechanism (slip, twin-
ning). The large strain rate sensitivity and small
activation volume of the fine-grained microstructure
(grain size �1 mm) were the main indicators of GBS,
and deformation was further accommodated by
dynamic recrystallization (Figure 9e and f). Somekawa
et al. performed RT Erichsen cupping tests on two
samples of pure Mg with different initial grain sizes (7
and 30 mm), Mg-3Al-1Zn (wt%) and Mg-0.65Mn
(wt%), and the values of limiting dome height (LDH)
at a crosshead speed of 1� 10�5mm/s were recorded
as 4.7 and 2.9 for fine- and coarse-grained pure Mg
and 2.0 and 5.2 for Mg-3Al-1Zn and Mg-0.65Mn,
respectively.[112] EBSD characterization of the
deformed microstructure revealed that deformation
twinning was the main deformation mechanism for
coarse-grained pure Mg and Mg-3Al-1Zn alloy, while
the occurrence of GBS in fine-grained Mg and Mg-
0.65Mn was the reason for the large LDH values of
these samples. In addition, a severely deformed ultra-
fine-grained Mg-8wt% Li alloy (240 nm) has been
reported to show enhanced GBS, resulting in excellent
RT ductility (440%).[113] The observed superplastic
behavior was attributed to the segregation of Li along
the GB, which resulted in accelerated GB diffusion
and the formation of Li-rich interphases.
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Accordingly, it can be concluded that, for the
coarse-grained microstructure which is usually present
after conventional processing, dislocation slip and
twinning contribute to plastic deformation. Hence,
textural weakening and activation of other slip sys-
tems are pre-requisites for superior formability.
However, for fine-grained Mg (in the nm range),
inter-granular sliding along the GBs, which is accom-
panied by grain rotation and dynamic recrystalliza-
tion, can be activated at RT. Accordingly, deformation
slip, texture and twinning, which operate inside the
grains, become less influential, and strain accumula-
tion in fine-grained Mg will be highly unlikely to
reach the level of failure.

2.2. Atomistic mechanisms in pure magnesium:
Computational thermodynamics approach

2.2.1. Stacking faults energies
The origin of the inferior mechanical properties of
Mg is associated with the inability of its HCP
crystal structure to accommodate plastic strain in the
crystallographic< c> direction, which can be achieved
by dislocation glide on the pyramidal II plane with
the< cþ a> burger vector. Therefore, control of the
microstructure, hardening of the basal plane, and
enhancing the activity of the< cþ a> pyramidal slip
system are essential in the design of highly ductile Mg.
However, the CRSS value of the< cþ a> pyramidal
slip system is several orders higher than that of the
basal< a> slip system, resulting in strong anisotropy
and material fails before the pyramidal slip system can
be activated.[114] In this regard, the stacking fault energy
(SFE) is considered to be a crucial parameter that sig-
nificantly influences the plastic deformation and mech-
anical properties of HCP materials. Low SFE has been
reported to improve the strength and ductility of hcp
materials by the formation of high density stacking
faults (SFs). SFs can be described as the changes in the
local crystal symmetry that occur when external layers
are added or removed. The associated energy is called
SFE. The SFs in Mg can be classified as intrinsic SFs
(growth fault, deformation fault) and extrinsic SFs
(external fault, twin fault). A growth fault (I1) is formed
by the removal of the basal plane, followed by the slip
of the crystal above this fault of 1=3 < 1010 > ,
whereas a deformation fault (I2) is formed by the slip
of 1=3 < 1010 > in a perfect hcp crystal. On the other
hand, an external fault (E) is formed by the addition of
an extra plane in a perfect crystal, while a twin fault
(T2) exhibits mirror symmetry about the fault plane.
The layered sequencing of the various SFs is represented
below:

I1 ABABABAB ! ABABBABA
I2 ABABABAB ! ABABCACA
E ABABABAB ! ABABCABAB
T2 ABABABAB ! ABABCBABA

SFs are generated by dislocation dissociation. SFE
determines the width of the SFs between partial dislo-
cations and dislocation mobility, so it can contribute to
plasticity in Mg-based materials. For example, I1SF
alters the stacking in the basal plane, yet it has non-
basal characteristics, where it is bounded by Frank-type
partial pyramidal dislocations (1=6 < 2203 >). This
type of dislocation is a combination of Shockley-type
partial basal dislocation and partial dislocation with a
burger vector normal to the basal plane (1/2[0001]).
Accordingly, I1SF forms a defected structure in the pyr-
amidal plane, and if low energy can be obtained by the
addition of some solute atoms, then I1SF can act as a
heterogeneous source of< cþ a> dislocations, as
shown in Figure 10a. Accordingly, I1SFE has been con-
sidered as an alloy design parameter for achieving high
ductility in Mg alloys.

Over the past two decades, numerous attempts have
been made to find a suitable alloying element with the
greatest potential to decrease I1SFE. Sandlobes et al.
conducted an in-depth investigation of the underlying
mechanisms responsible for the excellent RT mechan-
ical properties of Mg-Y alloys.[75] TEM analysis and
DFT calculations carried out on pure Mg and Mg-Y
alloys revealed that the addition of yttrium (Y) signifi-
cantly decreased the I1SFE, resulting in enhanced
nucleation of< cþ a> dislocations and activation of
shear modes outside of the basal plane, as shown in
Figure 10b. To extend the search for appropriate candi-
dates, the authors carried out quantum mechanical cal-
culations on Mg15X solid solutions (X¼Dy, Er, Gd,
Ho, Lu, Sc, Tb, Tm, Nd, Pr, Be, Ti, Zr, Zn, Tc, Re, Co,
Y, Ru, Os, Tl) using DFT calculations.[115] The results
revealed that addition of Sc, Y and all the lanthanide
elements reduced the I1SFE of Mg alloys. Some alloys
were then fabricated, and further characterization and
testing confirmed the higher activity of the non-basal
slip system due to the decreased I1SFE in terms of
higher ductility (Figure 10c). Until now, Y has proven
to be the best among all tested elements at decreasing
the I1SFE of Mg alloys. Recently, Zongrui et al. carried
out DFT calculations on several Mg binary alloys, and
concluded that the electronegativity (t), bulk modulus
(B) and atomic volume (V) of the solute atoms are the
dominant factors affecting the I1SFE of Mg alloys.[116]

By comparing the impact of a solute with the impact
of Y, a general numerical quantity, yttrium similarity
index (YSI), was proposed to avoid the lengthy DFT-
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based calculations (Eq. [3]). An alloy system with a YSI
value closer to 1 reflects a high degree of similarity
with the Mg-Y alloy:

YSI ¼ 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

wa ac � aYð Þ2
q

(3)

Here wa is the weight fraction of the solute, ac
describes the average of the selected properties (t, B,
and V) of the solutes and aY is the properties of Y.
From 2850 ternary solute combinations, 133 alloy
combinations (excluding RE) have been identified that
show YSI values greater than 0.85. DFT calculations
performed on 11 solute combinations with YSI > 0.95
confirmed the reduction in I1SFE, in alignment with
the proposed correlation (Figure 10d). Based on the
above YSI relationship, Sandlobes identified and fabri-
cated an Mg-1Al-0.1Ca (wt%) alloy with excellent
ductility (20%) and a tensile strength of 220MPa.[12]

Microstructural analysis confirmed that the alloy does
not contain any second phase particles, and its
enhanced properties were attributed to the reduced
I1SFE, which activated the< cþ a> pyramidal slip
system, as shown by TEM observations carried on
alloy samples after 2% tensile deformation as pre-
sented in Figure 10e. Besides the decrease in I1SFE, an
increase in I2SFE enhances the probability of cross-

slip of basal dislocations onto the prismatic plane
while reducing the strength anisotropy through
strengthening of the basal slip by specific solute add-
ition. For instance, DFT and MD calculations were
carried out to investigate the influence of solute addi-
tions on the mechanical behavior of Mg alloys in
terms of basal b ¼ ½2110� dislocations and I2 basal
SFs.[118] The results revealed that the solutes that
cause increased I2SFE also cause higher activity of
cross-slip of basal dislocations onto the non-basal
(prismatic) plane, resulting in enhanced ductility. The
solute atoms prefer to segregate at SFs, which stabil-
izes the SF configuration and suppresses dislocation-
associated motion, resulting in higher strength.

It has been assumed that the chemical interaction
between solute particles and SF is the dominant factor
in altering the SFE. Liu et al. used the Vienna Ab ini-
tio Simulation Package (VASP) to perform DFT calcu-
lations on various Mg alloys in order to identify
specific parameters that can explain the relationship
between the electronic configuration of solute particles
and the resultant properties of the alloys.[119] The
results revealed that the electron work function
(EWF) can be used as a guide for appropriate solute
addition to improve the mechanical properties of Mg.

Figure 10. (a) Schematics representing the relation between I1SFE and non-basal slip system, (b) Bright field and weak beam TEM
image under different diffraction conditions showing I1SF bounded by two partial dislocations (P1 and P2) in <1.5% cold
deformed Mg-3Y (wt%),[75] (c) DFT computed I1SFE for various Mg15X binary alloys in comparison to pure Mg,[115] (d) YSI calcu-
lated for different Mg ternary alloys as function to their I1SFE,

[116] (e) TEM micrograph of 2% deformed Mg-1Al-0.1Ca (wt%) alloy
showing the predominant activity of pyramidal< cþ a> and basal< a> dislocation slip,[12] (e) The schematics showing the
10�11f g < 11�20 > GSF, two 2� 2 � 12 supercells used in DFT calculations and the GSFE curve of 10�11f g < 11�20 > slip system

for pure Mg and Mg-Y alloy.[117]
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Addition of solutes with EWF values lower than that
of Mg can result in enhanced strength/ductility syn-
ergy, while addition of solutes with high EWF values
will result in improved strength but lower ductility.
This finding was further explained by Wu et al., who
carried out DFT calculations to evaluate the T2 and I2
fault energies of thirteen binary Mg alloys and sug-
gested that the charge redistribution surrounding the
solute atoms is the major factor in solute segregation
and changes in SFE.[120] The charge distribution factor
(F) was introduced to quantify the charge distribution
induced by solute atoms and was found to have an
inverse relationship with SFE. To investigate the effect
of various concentrations of different solute elements
on SFE, Zhang et al. calculated the I1 basal SFE of Mg
binary alloys with 1.1 and 2.5 at% solute concentra-
tion using VASP.[121] Increased solute concentration
resulted in reduced SFE for the majority of solute ele-
ments, with a few notable exceptions that showed the
opposite trend. Solutes with large atomic volume and
low 1st ionization energy were observed to decrease
the SFE, while those with high 1st ionization energy
and small atomic volume displayed the oppos-
ite tendency.

It is well-established that the SFE has a strong
influence on activation of the non-basal slip system,
resulting in a highly ductile Mg alloy. However, it is
difficult to measure the SFE accurately with current
experimental methods. In contrast, the generalized
stacking fault energy (GSFE) or gamma surface (c-sur-
face) gives a comprehensive understanding of the SFE
by accurately describing the dislocation core structure
and the dislocation mobility, i.e., lower values of
GSFE indicate low resistance and higher dislocation
mobility, and vice versa. GSFE can be calculated along
the minimum energy pathway (MEP) in a faulted
plane, where the local minima and maxima provide
the values for stable and unstable SFE, respectively.
Wen et al. computed the GSFE of pure Mg by first
principle calculations and reported that the 1120f g <

1011 > slip can form a stable SF structure, but its for-
mation is difficult due to the relatively high SFE as
compared to that of the 0001f g < 1120 > slip sys-
tem.[122] In addition, Han et al. examined the effect of
addition of Li and Al on the GSFE of the basal plane
of Mg and suggested that Li addition increased the
SFE and facilitated dislocation mediation, while Al
reduced the SFE.[123] Furthermore, to investigate the
underlying deformation mechanisms in a highly duc-
tile AT33 (Mg-3Al-3Sn) (wt%) Mg alloy, first prin-
ciple calculations were carried out to compute the
GSFE values for different doping concentrations of Al

and Sn.[124] It was concluded that the pyramidal
1011f g < 1120 > system acted as a secondary

deformation mechanism to accommodate strain along
the c-axis, resulting in the superior mechanical prop-
erties of the AT33Mg alloy based on its lower
unstable SFE (cun) as compared to prismatic
1010f g < 1120 > slip systems (349 vs 373mJ/m-2).

Moreover, Zongrui et al. studied the diverse effects of
alloying Mg with Y by considering all possible solute
sites and a range of solute concentrations and com-
puted the GSFE for the 1011f g < 1120 > pyramidal
slip system for all such combinations.[117] It was
observed that Y reduced the GSFE for pyramidal slip,
resulting in enhanced dislocation mobility in the Mg-
Y alloy, as shown in Figure 10f. To quantitatively
predict the basal-plane GSFE of Mg, first principle
calculations were carried out on 43Mg binary
alloys.[125] The results suggested that the ionization
energy and bulk modulus of solutes are directly
related to the GSFE, while atomic radius, binding
energy, and equilibrium volume showed the oppos-
ite trend.

Hence, it can be concluded that the SFE and GSFE
are fundamental parameters associated with the plastic
deformation of Mg alloys. These parameters describe
plasticity-related phenomena such as dislocation
nucleation, dislocation dissociation, and deformation
twinning, which in turn, significantly influence the
activities of various slip systems. Accordingly, the slip
systems with the lowest GSFE values would be most
favorable during plastic deformation. In other words,
deformation by basal slip is dominant in Mg alloys
since the GSFE (including I1SFE and I2SFE) of the
basal plane are lower as compared to the GSFE values
of the pyramidal and prismatic slip systems.
Accordingly, modifying the GSFEs of various slip sys-
tems via suitable alloying is considered to be a bench-
mark for designing highly ductile Mg alloys.

2.2.2. Glissile-to-sessile transition
It has been established that the ductility of Mg is
related to the behavior of< cþ a> pyramidal disloca-
tions, which majorly contribute to resolution of c-axis
strain. Hence, understanding and controlling the funda-
mental response of pyramidal II< cþ a> dislocation
seems to be of primary concern, and removing any
obstacles to this pursuit may catapult the field forward.
Based on its primary importance, pyramidal
II< cþ a> slip has been extensively investigated and
frequently reported over the past several years. Takaaki
et el. performed a c-axis compression test on Mg single
crystal and reported that pyramidal II< cþ a> can be
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activated at low temperatures (77� 133K) and low
stress (20MPa).[126] However, post-deformation micro-
structural TEM analysis of Mg compressed along the
c-axis revealed that< cþ a> dislocation loops are dis-
sociated on the basal planes, dominate the deformed
microstructure, and are responsible for the high work
hardening of Mg.[127]

In addition to this mysterious behavior, pyramidal
II< cþ a> has also been reported to show anomalous
temperature dependency, with yield shear stress
increasing with increasing temperature within a cer-
tain range. This unusual behavior has been attributed
to the dissociation of< cþ a> dislocation into
glissile< a> and sessile< c> dislocations.[114] The
results of the studies that reported on the behavior of
pyramidal II< cþ a> over the past few decades were
confusing and contradictory until Zhaoxuan et al. car-
ried out MD simulations using DFT-validated inter-
atomic potential to reveal the previously unexplained
behavior of pyramidal II< cþ a>.[72] MD simulations
showed that pyramidal II< cþ a> is intrinsically
unstable and readily undergoes thermally activated
(transition rate of 105 s�1 at 300K and 10�4 s�1 at
150K) and stress-dependent transformation to basal-

dissociated sessile structures with lower energies,
which act as an obstacle to all slip systems and sup-
press plastic straining (Figure 11a). This intrinsic
pyramidal-to-basal transition (PB transition) or glis-
sile-to-sessile transformation, which occurs frequently
at RT, was postulated to be the origin of high strain
hardening and low ductility in Mg. Moreover, it was
suggested that the thermally activated dissociation
of< cþ a> dislocation is mainly controlled by dis-
sociation of the< c> component of the dislocation on
the basal plane.[130]

One approach that could resolve this hurdle
involves stabilization of the< cþ a> dislocations on
the pyramidal I plane, as its critical c-axis compressive
stress is seven times lower than that of the pyramidal
II plane.[131] In this regard, MD simulations were car-
ried out to investigate the stability of< cþ a> on the
pyramidal I plane in Mg.[128] The results showed that
the transition on pyramidal I had a lower energy bar-
rier than that on pyramidal II (0.3 ev vs. 0.5 ev), and
transition occurred much faster on the pyramidal I
than pyramidal II plane (Figure 11b). Hence, to design
a Mg alloy with excellent ductility, alloy design strat-
egies should aim to energetically stabilize pyramidal

Figure 11. (a) Dislocation dissociation of pyramidal II< cþ a> into basal dislocations in pure Mg as observed by MD simulations
for zero and moderate compressive stress,[72] (b) The mean transition time and energy barrier for pyramidal I-basal transition as a
function of temperature,[128] (c and d) The schematics of< cþ a> cross-slip in hcp metals, and the TEM showing the dislocation
switching between pyramidal II and I plane in 2.5–3% deformed Mg-3Y (wt%), respectively.[129]
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II< cþ a> dislocations and shift the PB transition to
higher temperatures and longer times via appropriate
alloying additions, which can suppress the easy glide
of< cþ a> by reducing its energy. Recently, very
interesting results were reported by Liu et al., who
employed in situ TEM during c-axis compression of
sub-micrometer-sized Mg single crystal to analyze the
behavior of< cþ a> dislocations.[132] The misalign-
ment angle was adjusted to < 5� to suppress the gener-
ation of< a>, <c> and deformation twinning. In situ
TEM, atomistic simulations and 3D image reconstruc-
tion revealed that simultaneously suppressing deform-
ation twinning and promoting< cþ a> dislocation
glide on both the pyramidal I and II planes contributed
to the high strength and excellent ductility of Mg single
crystal.

2.2.3. Cross slips
Over the past several decades, many attempts have
been made to enhance the ductility of Mg-RE alloys, but
concrete, reliable evidence of such alloys did not materi-
alize and the role of RE elements remained vague. For
example, in 1959, Couling et al. reported improvements
in the formability of Mg alloyed with mischmetal.[133]

To shed light on the underlying mechanisms responsible
for the improved mechanical properties of Mg-RE alloys,
Sandlobes et al. carried out an in-depth study of pure
Mg and a Mg-3wt%Y alloy.[67] TEM and EBSD analysis
revealed a high degree of twinning (compression and
secondary) and high activity of the pyrami-
dal< cþ a> slip system in the Mg-Y alloy, which were
regarded as the mechanisms responsible for the
improved ductility of Mg-3wt%Y as compared to pure
Mg (25% vs 4%, respectively). Furthermore, increa-
sed< cþ a> activity was assumed to be associated with
the reduction of I1SFE upon alloying with Y, as dis-
cussed in Section 2.2.1. To solve this riddle, first prin-
ciple calculations were carried out on Mg with dilute
additions of Y, Al, and Zn.[134] It was found that a
reduction in I1SFE with the addition of Y can be
achieved by alloying with Al and Zn in similar or
slightly different concentrations. These results conflicted
with the long-standing understanding of such alloys. In
addition, it was speculated that alloying with Y might be
responsible for stabilizing the< cþ a> dislocations and
suppressing the detrimental PB transition in Mg. Rasool
et al. was motivated to carry out MD simulations on a
Mg-3wt%Y alloy to investigate the veracity of this pre-
sumption. The results showed that Y hardly influenced
the transition energy barrier and time of the PB transi-
tion, and the enhanced< cþ a> activity in Mg-3wt%Y
was not correlated with< cþ a> stabilization.

Hence, the mechanism behind the high ductility of
Mg-RE alloys remained unclear until the solute-
enhanced pyramidal cross-slip mechanism was pro-
posed by Wu et al.[129] For pyramidal cross-slip in
Mg, it is necessary that screw dislocations move from
the low-energy pyramidal II planes to the higher-
energy pyramidal I planes. Accordingly, additional
energy is required to make up the difference in energy
per unit length (DEI�II

Mg ) between the pyramidal II and
pyramidal I screw dislocations. Hence, cross-slip of pyr-
amidal II< cþ a> screw dislocations can be accelerated
by a solute-driven decrease in the cross-slip energy bar-
rier. Atomistic-scale simulations and experimental ana-
lysis revealed that Y tends to reduce the cross-slip
activation energy (DGXS) in comparison to the deleteri-
ous activation energy barrier for PB transition (DEPB),
resulting in a high rate of< cþ a> screw dislocation
cross-slip and multiplication of< cþ a> dislocations,
which eventually resulted in reduced CRSS
of< cþ a> dislocation and enhanced ductility of Mg-Y
alloys (Figure 11c and d). Accordingly, the proposed the-
ory provides mechanistic insight that is vital for the
development of new Mg alloys with improved ductility.

2.3. Intrinsic ductility vs extrinsic ductility

Based on the discussion and various examples given
in this chapter and previous one, one can expect that
suitable microstructural optimization (grain size and
structure, second phase fraction and distribution, and
texture) in Mg based materials can mostly lead to
enhanced ductility in these materials. On the other
hand, considering the changes that occur during a
further processing of the optimized materials, the duc-
tility can decline again. For example, a hot rolling of
weak-basal-textured Mg alloys can result in the evolu-
tion of stronger basal textures, leading to a poor duc-
tility. In addition, the grain growth occurring during
the hot processing of Mg alloys can also alter the duc-
tility in the processed materials. Accordingly, the
method of microstructure control and the optimiza-
tion of its feature just aim at enhancing the ductility
through delaying the fracture (extrinsic ductility) not
improving plasticity (intrinsic ductility). For enhanc-
ing the intrinsic ductility, the type of deformation
modes and their critical shear stresses should be
modified, and this might be achieved through alloying
strategies. For example, the reducing of the 1st intrin-
sic stacking fault energy of pure Mg by alloying with
other elements, such as Y and Ca, leads to the activa-
tion of pyramidal dislocations,[19,135] and hence, to
improve the ductility. In addition, some solutes, like
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Y, were found to be very significant in reducing the
CRSS of the non-basal slip systems as compared to
that of the basal slip system, leading to improved
intrinsic ductility of the Mg alloy.[67] Up to this end,
it is worth mentioning that, both the deep-rooted
modification of the deformation modes in Mg based
materials, and the microstructural optimization of
these materials as well, are needed for ensuring the
required plasticity. Next chapters will, accordingly,
discuss in much more details with the various micro-
structural and atomistic concepts related to the extrin-
sic and intrinsic ductility.

2.4. Outlook

It can be summarized from the above discussion that
the insufficient slip systems being activated at RT dur-
ing Mg deformation are mainly responsible for the
low ductility. Accordingly, non-basal slip softening,
and basal slip hardening are considered to be the
milestone for achieving superior ductility in Mg alloys.
Moreover, twinning acts as secondary deformation
mechanism to accommodate the strain but the role
played by twinning is complicated. Twinning provides
an additional slip system and formed the recovered
regions which can increase the ductility. However, on
the other hand twining acts as an obstacle to mobile
dislocations and also can be the source for stress con-
centration, leading to inferior ductility. Hence, the
consequent effect on overall mechanical properties of
Mg alloys depends upon the dominated twinning
behavior. In addition, GBS can be activated to con-
tribute to overall plastic deformation when the strain
rate sensitivity is higher, which can pave a new way to
control RT superplasticity by GB composition and dif-
fusion. The GBs can be engineered by the suitable
alloying addition followed by severe plastic deform-
ation (SPD) processing. Other possibilities can be the
selection of appropriate alloying additions which can
reduce the SFE and influences the dislocation core
energy, dislocation dissociation process, and decrease
the energy barrier of cross-slip are considered to be
the key toward designing highly ductile-high formable
Mg alloy.

3. Magnesium ductilization

3.1. Controlling the structure

3.1.1. Grain size control
Grain refinement can significantly improve the
strength of polycrystalline materials based on the
Hall-Petch relationship.[136]

ry ¼ ro þ kd�1=2 (4)

Here ry is the YS, ro is the friction stress when dis-
locations glide on the slip plane, k is the stress con-
centration factor, and d is the average grain size.
During deformation, dislocations start to pile up in
the vicinity of GBs, when the piled-up dislocations
exert sufficient pressure at the GBs so that the slips
can propagate from one grain to another, yielding
occurs. Accordingly, the grain size substantially influ-
ences k because it controls the concentration of stress
from the piling up of dislocations, and hence the
overall ability of a material to deform plastically. The
variation in k as a function of grain size for some
commonly processed Mg alloys is illustrated in
Table 1.[137–153] The strengthening effect induced by
grain size is high as compared to that seen in other
fcc and bcc crystal structures because Mg has a large
Taylor factor.[154]

Accordingly, many studies have been devoted to
enhance the strength of Mg alloys by decreasing the
overall grain size in various ways, i.e., by alloying,
exploiting various thermomechanical techniques, or a
combination of both (Figure 12a).[155] It is evident
from Figure 12a that the strength of Mg alloys
increases with a decrease in grain size, which is in
agreement with the Hall-Petch relationship. For
example, Wang et al. extensively investigated the
microstructural evolution caused by addition of Sc

Table 1. Variation in stress concentration factor (k) with
respect to grain size for some commonly processed Mg alloys.
Sample Processing d (mm) k ( MPa mm1/2 )

AZ31[137] Rolling 26–78 411
AZ31[137] Rolling 26–78 228
AZ31[138] Rolling 5–25 319
AZ31[139] Rolling 5–17 234
AZ31[139] Rolling 5–21 250
AZ31[140] Rolling 2–55 209
AZ31[141] Rolling 13–140 281
AZ31[141] Rolling 13–140 272
AZ31[142] Extrusion 2.5–8 304
AZ31[142] FSP 2.6–6.1 161
AZ31[143] Extrusion 3–23 291
AZ31[144] Extrusion 3–11 390
AZ31[144] Extrusion 3–11 303
AZ31[145] FSP 1–25 119
AZ31[145] FSP 1–25 236
AZ31[146] Rolling 13–43 207
AZ31[146] Rolling 13–43 472
AZ31[147] ECAP 3–33 205
AZ31[148] ECAP 2–8 108
AZ31[149] ECAP 2–8 203
Pure Mg[150] Extrusion 11–140 294
Mg-1Zn[150] Extrusion 10–218 273
Mg-1Y[150] Extrusion 11–190 252
Pure Mg[151] Extrusion 4–63 157
Pure Mg[151] Extrusion 5–28 63
Pure Mg[151] Extrusion 10–450 188
AZ61[152] ECAP 8–150 344
AZ91[153] Extrusion 1–30 210
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and Zr to AZ31 processed by rolling and equal chan-
nel angular extrusion (ECAE).[172] AZ31-0.15Zr-
0.06Sc (wt%) processed by ECAE showed excellent
mechanical properties, which were attributed to the
grain refinement facilitated by alloying addition and
further processing. Moreover, dispersed intermetallic
particles also play a vital role by suppressing dynamic
recrystallization during plastic deformation and facili-
tating recrystallization nucleation, exerting a strong
pinning effect on grain growth. An equal channel
angular pressing (ECAP)-processed AZ31-0.3RE-0.3Ca
(wt%) alloy demonstrated high YS and UTS values
(134.6 and 228.6MPa, respectively), which were attrib-
uted to a refinement of grain size due to the retard-
ation of DRX and dispersive strengthening effects of
Ca- and RE-containing particles during hot deform-
ation.[173] Identical findings have been reported for
Mg-Zn-Y-Zr alloys.[174–176] Severe plastic deformation
(SPD) has emerged as the most efficient method for
producing an ultrafine-grained microstructure with
enhanced mechanical properties.[177–180] Various SPD
techniques, including equal channel angular pressing
(ECAP),[181–184] high-pressure torsion (HPT),[185–187]

accumulative roll bonding (ARB),[188–190] accumulative
back extrusion (ABE),[191,192] etc., have been reported
to significantly modify the microstructure. Interestingly,

Lio et al. proposed a novel method of enhancing the
hardness of Mg alloys.[193] High-speed extrusion
machining (HSEM) was utilized to alter the micro-
structure and overall mechanical properties of an
AZ31B Mg alloy. EBSD microstructural characteriza-
tion of a specimen after large thickness ratio HSEM
confirmed the presence of a bimodal grain structure, in
which coarse grains were embedded in a fine matrix.
The Vickers hardness value of an alloy with a bimodal
microstructure increased by 31%, which was attributed
to the incorporation of dislocations during the DRX
process. In summary, high strength in Mg and its
alloys can be achieved by reducing the grain size.

On the other hand, the effect of grain size on the
ductility of Mg alloys seems complicated and no con-
crete conclusion can be drawn. In general, grain size has
been reported to have an inverse relationship with duc-
tility, where grain refinement can lead to superior ductil-
ity and vice versa. Figure 12b shows RT ductility as a
function of grain size for various Mg alloys.[156] The
data has been collected from the literature (�100 works)
in order to demonstrate the general trend between the
grain size and ductility of various Mg alloys irrespective
of composition, processing technique and textural char-
acteristics. As evident by Figure 12b, ductility increases
with decreasing grain size. However, it is pertinent to

Figure 12. (a) Relationship of YS and grain size for various Mg alloys,[155] (b) The relationship of ductility and grain size for Mg
alloys,[156] (c) EBSD maps of AZ31 magnesium alloy subjected to various strain levels during compression,[157] (d) SEM micrograph
and frequency of slip traces with respect to various slip systems during tension test at 50 �C of pure Mg with different grain sizes
and true stress-true strain curve tested at 50 �C,[158] (e) Yield strength against elongation to failure of cross-sheared AZ31 vs other
severely deformed with different techniques.[159–171]
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mention that there are several factors that can individu-
ally influence the ductility of Mg alloys, and grain size
has been reported to have a unique effect on those fac-
tors. The factors can be summarized as follows:

1. The higher fraction of GBs that results from grain
refinement acts as an obstacle and imparts greater
resistance to dislocation motion, leading to infer-
ior ductility.

2. Moreover, twins can act as a secondary deform-
ation mechanism along with basal slip, but the
activation of twins mostly leads to low ductility of
a Mg alloy. This can be explained differentially
based on the type of the twin. TTWs activated in
the earlier stages of deformation are unable to
accommodate all strains in a grain, leading to low
plasticity. In addition, the evolution of DTWs
(double twins) from CTWs results in brittle
behavior, which is related to the formation of
cracks at the tips of the DTWs.[156] Since the for-
mation of these twins is mainly influenced by
grain size, and twinning becomes extremely diffi-
cult with very small grain size,[44] one may con-
clude that fine-grained Mg alloys exhibit higher
ductility due to less twining-ability as compared
to their coarse-grained counterparts. For instance,
Huajie et al. carried out EBSD analysis to investi-
gate the deformation twinning behavior of an
AZ31 magnesium alloy during quasi-in-situ com-
pression tests at various strain levels.[157] Figure
12c shows the EBSD maps of AZ31 subjected to
different strain levels (0% to 11.5%). Before the
compression test, no twins were found in the
grains labeled A, B and C (coarse, medium, and
fine grains, respectively). At 4.3% strain, two twin
lamellas (A-T1 and A-T2) appeared in grain A,
while one twin was seen in grain B and no twins
formed in grain C. At higher strain (7.35%), the
A-T1, A-T2 and B-T twins became thicker, while
no twin appeared in grain C. Finally, a small twin
formed in grain C at the strain level of 11.5%.
Accordingly, it was concluded that grain size
played a crucial role in the differential behavior of
deformation twinning.

3. It has been reported that grain refinement can
enhance the activity of a non-basal slip system
due to GB compatibility stress and can also
reduce the intensity of concentrated stress in the
grain interiors, resulting in dynamic recovery
(DRV).[93,144,194,195] If two adjacent grains are to
be bonded together during deformation, an add-
itional shear stress (compatibility stress) is

required to activate the non-basal system. In other
words, to avoid fracture along GBs, operation of
the non-basal glide system is necessary to achieve
superior ductility in fine-grained Mg alloys. Koike
et al. studied the deformation mechanism of an
ECAE (equal channel angular extrusion)-proc-
essed fine-grained AZ31B alloy (6.5 mm) annealed
at elevated temperature.[93] The RT tensile tests
showed a large elongation to failure of 47% at the
strain rate of 1 x 10�3 s�1. TEM analysis was car-
ried out on a 2% elongated sample to quantita-
tively describe the relationship of dislocation
density to each slip system. The results revealed
that the cross-slip of a dislocation to the non-
basal plane was active because of the GB compati-
bility stress and DRV during deformation, which
lead to superior ductility. Moreover, Shi et al.
investigated the effect of grain size on the tensile
ductility of Mg-1.02 Zn (wt%).[194] Their observa-
tions revealed that the grain size range of 18 –
226 mm is the transition region between slip- and
twinning-dominated deformation, where the fine-
grained sample demonstrated high ductility dur-
ing tensile deformation. The superior ductility of
the fine-grained sample was attributed to the sup-
pression of twinning and enhancement of DRV
with the high activity of the prismatic slip system
through GB compatibility stress.

4. Another important aspect of grain refinement in
Mg polycrystals is its influence on the cumulative
activities of various slip systems, where a transi-
tion from non-basal to basal slip has been
reported with decreasing grain size. This transi-
tion can be understood based on the ability of GB
strengthening to differ for various slip systems;
often, higher values of CRSSnon-basal/CRSSbasal are
observed for small grain size. To thoroughly
understand the origin of the mechanism govern-
ing the transition and its consequences on work
hardening capability and tensile ductility, pure
Mg with various grain sizes (5, 19, and 36 mm)
were tensile tested at 50 �C inside an SEM cham-
ber.[158] EBSD-incorporated slip trace analysis
confirmed the transition from non-basal to basal
flow with decreasing grain size (Figure 12d). The
transition was attributed to the occurrence of dis-
similar non-Schmid effects for different grain
sizes, where non-basal slip systems were observed
to be more potently strengthened as compared to
basal slip systems and the highest CRSSnon-basal/
CRSSbasal value was observed for the Mg sample
with the smallest grain size.
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5. GBS is another important deformation mechan-
ism that occurs at elevated temperature and can
result in large elongation to failure, as discussed
in Section 2.1.3. GBS has a tendency to increase
with decreasing grain size. Accordingly, several
studies have reported the occurrence of GBS in
Mg alloys at RT, which was mainly attributed to
the role played by fine grains.[99,112]

6. The effect of grain size on the strain hardenability
of Mg alloys and, thus, on their uniform ductility
(before necking), is another factor to be consid-
ered. This is related to the activity of various slip
systems (basal or multiple slip) and the dominant
deformation mechanism (slip, twinning or GBS) as
a function of grain size. For example, according to
Cepeda-Jimenez et al., the higher non-basal slip
activity seen with the coarser grains (low CRSSnon-
basal/CRSSbasal ratio) favors multiple slip, leading to
higher strain hardening and improved ductility.[158]

This effect can be further enhanced in coarse-
grained samples with orientations for which mul-
tiple slip is favored (weak basal texture).

Here, the mechanisms discussed in (2), (3), and (5)
improve ductility, while the mechanisms in (1), (4),
and (6) reduce ductility as a result of grain refine-
ment. All in all, grain size has dissimilar effects on the
various mechanisms and the final ductility is depend-
ent on the phenomenon which is activated by grain
refinement. Hence, it is very important to devise a
comprehensive strategy for grain refinement that
impedes the deleterious effects on ductility and opti-
mizes strength as well as ductility. In this regard,
Hamad et al. proposed a unique technique to achieve
strength and ductility synergy.[196] A cross-shear
deformation method, in which the sheet was rotated
by 180o around its longitudinal axis between each
pass of differential speed rolling (DSR) was performed
to alter the microstructure of an AZ31 alloy. The alloy
processed by this innovative technique showed simul-
taneous improvements in UTS and ductility, which
were 333MPa and 21%, respectively. A comparison of
the mechanical properties of cross-sheared AZ31 with
the properties of several other samples processed by
different techniques is shown in Figure 12e.[159–171]

The remarkable enhancement in properties was attrib-
uted to the evolution of a fine-grained (1.2 mm)
microstructure after deformation. Kim et al. fabricated
an AZ91 alloy with high strength and ductility by car-
rying out high-ratio DSR (HRDSR) in combination
with low-temperature aging.[197] The ultra-fine
grained (0.3 mm) microstructure that resulted from

this novel processing technique had a YS of 400MPa
and ductility of 12–14%. As compared to AZ91, grain
refinement in AZ31 is very difficult owing to the
lower fraction of b-Mg17-Al12 in the matrix. However,
Kim et al. suggested that ultra-high strength in AZ31
can be achieved by optimizing the processing parame-
ters of HRDSR.[171] A sample rolled at 423K followed
by water quenching exhibited an ultrafine grain size
of 0.6 mm and an exceptionally high YS of 382MPa.
Similar findings have been reported by other stud-
ies.[159,198] Interestingly, the SPD techniques have
proved to be effective for refining the overall grain
size of the material, but the strength is often reported
to decrease instead of increasing. Careful observations
have revealed that the texture softening mechanism
overcomes the grain size strengthening in some spe-
cific parametric conditions.[152,161,164,170,199,200] The
dependence of strength with respect to texture can be
expressed by the following relationship.[201]

ro ¼ Mso (5)

Here, ro id the friction stress, M is the Taylor
orientation factor, and so is the CRSS of the operative
slip system. Based on the above relationship, it can be
concluded that the friction stress is directly related to
the CRSS of slip systems, where easy slip orientation
(lower CRSS) results in lower values of ro and, con-
versely, hard orientation (high CRSS) results in
enhanced strength. Some previous studies have sug-
gested that, by the removal of deformation and fric-
tional heat, and suppression of texture softening can
substantially enhance the strength of Mg alloys at RT.
Accordingly, to obtain synergy between strength and
ductility, special emphasis should be placed on the
overall processing conditions for SPD.

3.1.2. Texture modification
Primary processing (rolling, extrusion, etc.) of Mg
typically leads to the alignment of the basal planes
with the crystallographic c-axis parallel to the
through-thickness direction of material flow and per-
pendicular to the loading direction.[67,202] The prefer-
ential activation of basal slip due to lower CRSS tend
to rotate the c-axis of the crystal parallel to the load-
ing direction, resulting in most of the grains being
oriented to their basal (0001) planes close to the plane
of the sheets, and, consequently, in strong basal tex-
ture.[203,204] In strong-textured Mg, most grains are
found in hard orientations with lower Schmid factor
(m) along with the basal slip, and the resolved shear
stress (RSS) in the basal plane is essentially zero.
Consequently, deformation of strong-textured Mg
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along the rolling direction results in limited ductility
and premature failure because of the limited capacity
for strain accommodation due to the low RSS of the
basal plane, as presented in Figure 13a.[206,207] In add-
ition to inferior mechanical properties, the formation
of a strong basal texture in Mg also results in
enhanced anisotropy of plastic deformation because of
significant differences in the activity of unidirectional
deformation twinning. Accordingly, ductile deform-
ation of polycrystalline Mg can be achieved by miti-
gating the formation of typical basal textures and
encouraging non-basal texture components. Weak-tex-
tured Mg, with most grains on the c-axis tilted away
from the normal direction of the sample, may exhibit
high RT mechanical properties due to the high
Schmid factor. This alternative approach to basal tex-
ture weakening improves ductility but does not tend
to enhance the intrinsic ductility of Mg, instead delay-
ing fracture. Over the past few years, various techni-
ques have been utilized for ductilizing Mg by texture
engineering. For instance, several thermomechanical
techniques, such as ECAE,[163,208,209] asymmetric roll-
ing (ASR),[210–213] and severe plastic deformation
(SPD)[161,197] for grain refinement as well as alloy
development,[214–216] have been exploited to weaken
the basal texture. These thermomechanical processes

followed by various heat treatment regimes have been
reported to recrystallize textures by replacing the
strong basal texture and relieving residual stresses.
Very encouraging results have been reported using
ECAE, in which material is subjected to pure shear
stress at the intersection of two channels. Mukai et
al.[163] achieved high ductility in an AZ31Mg alloy
with ECAE, with the sample exhibiting basal plane
orientation inclined 45o to the extrusion direction
(ED). Owing to the development of a unique weak-
ened texture, the material showed high RT ductil-
ity (45%).

The degree to which ductility can be improved in
Mg-based materials is mainly related to the amount of
shear stress resolved in the basal plane due to texture
modification. This, in turn, is associated with the tex-
ture characteristics that evolve in the alloy due to the
effect of composition and thermomechanical process-
ing. Mg-RE alloys, for example, show various kinds of
texture, which can effectively enhance their ductility;
these textures are inconsistent with those that evolve
in conventional Mg alloys, such as AZ and ZK series
materials (Figure 13b).[205] One example that illus-
trates the effect of composition on textural evolution
of Mg alloys was presented by Al-Samman and Li
studied the textural evolution of various ZEK100

Figure 13. (a) Schematics showing the relationship of basal texture characteristics to the resolved shear stress in the basal plane,
(b) Weakening of basal texture with respect to concentrations of RE elements in Mg alloy,[205] (c) Engineering stress-strain curve
for Mg-Al-Ca alloy in comparison to several Mg-RE alloys,[12] (d) The inverse pole figure and pole figure of AZ31 and AZ31-0.5Ca
(wt%), showing the significant texture weakening by the addition of Ca.[15]
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alloys subjected to warm rolling followed by heat
treatment.[73] Unexpected textures, with the basal
poles broadly distributed toward the transverse direc-
tion, evolved in the Mg alloys due to the addition of
RE elements, and this textural modification largely
enhanced the ductility of the Mg alloys and reduced
their mechanical anisotropy. Stanford et al. reported
higher ductility in an extruded Mg-Gd alloy (2X that
of pure Mg), even with a coarser grain size.[217] A RE
textural component that formed due to oriented
nucleation at shear bands and a significant reduction
of 51.7% in basal texture intensity was seen in a Mg-
Gd alloy, which lead to higher ductility. Similarly, sev-
eral studies have shown that alloying with Y modifies
basal texture and results in improved ductil-
ity.[69,75,218,219] Wu et al. reported a higher tensile
ductility of 30% in a Mg-4Y alloy, which was attrib-
uted to the randomized texture which promoted more
dislocation slips in the Mg-4Y alloy as compared to
pure Mg.[220] Moreover, cerium (Ce) has the lowest
solubility in Mg among all RE elements and has fre-
quently been reported to produce basal texture weak-
ening.[221–223] Misra et al. reported weakening of the
basal texture in a Mg-0.2Ce (wt%) alloy, along with a
combination of improved strength and ductility.[224] It
was suggested that the addition of Ce to Mg decreases
the volume fraction of basal-oriented grains, resulting
in basal texture weakening. As a result, more non-
basal slips can be activated during plastic deformation,
leading to improved ductility.[225] The alloying of Mg
with RE and non-RE solutes may have synergetic
effects on mechanical properties by modifying textural
components and reducing texture intensity. For
instance, Mg-RE-Zn generates a texture with an add-
itional basal pole split in TD and decreases the plastic
anisotropy, which is highly desirable for sheet metal
forming processes.[63]

Various mechanisms have been reported to be
responsible for texture modification in Mg alloys,
including GB mobility, particle-stimulated nucleation
(PSN), and shear banding. Several studies have
reported that RE solute atoms demonstrate a strong
tendency to segregate at GBs because of a large atomic
size misfit with Mg; the increased solute concentra-
tions at the GB hinder the GB mobility because of the
solute drag effect during recrystallization.[226–228] For
example, a significant weakening in basal texture was
noticed in an extruded Mg-5Y (wt%) alloy during
annealing, which was attributed to the preferential
growth of non-basal oriented grains due to the segre-
gation of Y at the GBs.[229] The segregation of Y sol-
ute atoms at the GBs influenced GB mobility, and the

higher fraction of off-basal-oriented grains displayed a
boundary migration benefit that was not present with
mostly basal-oriented grains. It has been observed that
the basal texture is slightly weakened or even
increased as a result of recrystallization during anneal-
ing. Usually, dynamic recrystallization (DRX) is asso-
ciated with the formation of a strong basal
texture.[146,230,231] The extent to which DRX can mod-
ify the texture is entirely dependent upon the process-
ing conditions, i.e., temperature, applied strain, and
strain rate, which affect the activation of various slip
modes and mechanisms of DRX nucleation. In add-
ition to the processing parameters, the type of alloy
considerably influences recrystallization behavior
based on solubility and the formation of precipitates,
where the former leads to solute drag while the later
results in a pinning effect. Accordingly, a fundamental
understanding of how specific alloy elements influence
nucleation and recrystallization is required. In add-
ition, texture evolution has been suggested to be
related to PSN,[232,233] shear band-induced nucleation
(SBIN),[234,235] and deformation twin-induced nucle-
ation (DTIN).[236,237] In PSN, second phase particles
provide heterogeneous sites for the nucleation of
recrystallized grains with randomized texture, result-
ing in texture weakening after recrystallization. Shear
bands serve the same purpose in SBIN, in that recrys-
tallized grains with off-basal texture grow inside the
shear bands. Similarly, twins have been reported to
provide the nucleation sites for recrystallized grains
with randomized orientation. However, several studies
have shown significant basal texture weakening even
in the absence of PSN, SBIN, and DTIN phenomena,
and vice versa.[80,238–240]

Despite the numerous advantages offered by RE
elements, their low abundance and high cost of pro-
duction have motivated engineers to find alternative
elements that may serve the same purpose in Mg
alloys. Of various candidates, Ca is the most promis-
ing alloying element for improving the mechanical
properties. Addition of just 1% Al and 0.1% Ca to Mg
generated a material with ductility like that of Mg-RE
alloys with much higher strength, as shown in
Figure 13c.[12] Sandlobes et al. noted that this RE-free
ductile Mg alloy has two nontoxic and inexpensive
alloying elements, i.e., Al and Ca, which altered the
deformation mechanisms significantly with the tiny
doping content of 1% Al and 0.1% Ca. These alloying
additions activate non-basal deformation slip activity,
such as pyramidal slip activity, in addition to
basal< a> slip. Recently, AZ31-0.5Ca has been
reported to show improved mechanical properties,
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which was attributed to weakening of the strong basal
texture and enhanced activity of non-basal slip sys-
tems, as confirmed by VPSC simulations and IGMA
analysis (Figure 13d).[15]

Deformation behavior and related alterations of the
texture of Mg alloys are further complicated by static
and/or DRX and the interactions between recrystal-
lization and slips or twinning. Umer et al. studied the
DRX behavior of warm rolled AZ31 and concluded
that higher deformation leads to an increased propor-
tion of randomly oriented DRXed grains, resulting in
texture weakening.[241] Accordingly, it can be con-
cluded that the abovementioned mechanisms do influ-
ence the texture of the material; however, weakening
is not limited to the operation of these mechanisms.
Hence, in-depth investigations are required to shed
light on these issues and to categorize the relationship
between texture engineering and related mechanisms.

3.1.3. Pre-twinning
Mg can be made intrinsically ductile by controlling
the atomistic flow mechanisms, i.e., reducing the SFE
or delaying the PB transition time. In addition, vari-
ous strategies have been reported over the years to
extrinsically enhance the ductility of Mg by utilizing
thermomechanical processes. Recently, several studies
have reported an enhancement in the properties of
Mg alloys via introduction of twin lamellas in the
microstructure by pre-deformation. As already estab-
lished, twins can readily be activated due to their low
CRSS value as compared to that of the non-basal slip
system. Accordingly, twins can act as a secondary
mechanism to accommodate strain, in addition to
basal slip. Thus, pre-twinning has been suggested as a
simple and effective strategy to enhance strength and
stretch formability and reduce plastic anisotropy in
Mg alloys. High strength in Mg alloys can be achieved
by inducing fine and dense twin lamellas in the
microstructure by tweaking the deformation condi-
tions (strain rate, deformation direction, deformation
temperature, amount of strain) to promote twin
nucleation and suppress twinning growth during the
pre-twinning period. Interestingly, pre-twinning can
also result in texture hardening because f1012g TTWs
bring the grains into hard orientations. Strengthening
via texture modifications by pre-twinning is depend-
ent on the volume fractions of grains with hard orien-
tations and the conditions under which the growth of
pre-induced twins is more favorable as compared to
twin nucleation.[242]

Moreover, twinning can alter alloy microstructure
by providing preferential nucleation sites for

recrystallization, resulting in grain refinement that leads
to higher strength based on the Hall-Petch effect. The
newly formed recrystallized grains with random orien-
tations result in texture softening.[80,92] The mechanical
properties (tensile and compressive) of an AZ31Mg
alloy were reported to be significantly enhanced by
pre-rolling (thickness reduction < 5%) to introduce
f1012g TTWs.[243] The reduction in the tension-com-
pression asymmetry (compressive YS/tensile YS ¼
�0.65) and grain refinement by TTWs resulted in a
26% increase in tensile YS of the pre-rolled alloy as
compared to the as-received alloy. Park et al. per-
formed cold pre-forging (CPF) on an AZ31Mg alloy
before extrusion and reported a significant improve-
ment in mechanical properties.[244] The numerous
f1012g TTWs (area fraction �15%) generated due to
CPF provided the nucleation sites for the randomly
oriented DRXed grains. The simultaneous improve-
ment in strength and ductility in CPF-AZ31 was attrib-
uted to twinning-aided dynamic recrystallization
(TDRX), which resulted in grain refinement and tex-
ture weakening (12.4 and 4.2 mrd in non-CPF and
CPF-AZ31, respectively).

Pre-twinning has also been reported to enhance the
overall rolling capability of Mg alloys. Xin et al.
reported an extraordinary increase in maximum thick-
ness reduction per pass during rolling at 300 �C in a
pre-twinned AZ31Mg alloy.[245] The alloy was pre-
rolled (PR) to 7.5% along the TD at RT to induce
TTWs in the microstructure. A 50% reduction was
achieved in a single pass in PR-AZ31, without crack
formation, while large cracks appeared after a 30%
reduction per pass in a non-PR AZ31Mg alloy. EBSD
characterization revealed that deformation was only
accommodated by the basal and pyrami-
dal< cþ a> slip systems in non-PR AZ31, while the
prismatic< a> and the pyramidal< cþ a> systems
contributed to plastic straining in PR-AZ31 as the PR
reoriented the majority of f0002gplanes toward TD.
Numerous studies have reported improvements in
stretch formability via introduction of twin lamellas in
the microstructure of Mg alloys. A significant
improvement in the stretch formability of AZ31 at RT
was achieved by using a pre-compression process to
introduce f1012g TTWs.[246] Detwinning activation
and the basal slip in the twinned region accommo-
dated the strain in the thickness direction and resulted
in a 65% improvement in the stretch formability of
the pre-compressed sample, as shown in Figure 14a
and b. Weijun et al. induced f1012g TTWs by per-
forming in-plane compression (IPC) in a thin
AZ31Mg alloy sheet to modify the basal texture.[248]
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The generated TTWs in the pre-twinned region effect-
ively accommodated the thickness strain during the
Erichsen test and resulted in a 50% increase in stretch
formability in the IPC sample. It is well-established
that TTWs can be generated by pre-compression or
pre-rolling along TD or RD, respectively. By contract,
contraction twins (CTW)f1011g can be induced in
the microstructure of Mg alloy sheets by performing
pre-rolling along ND, and can be utilized to improve
the performance of Mg alloys. Song et al. performed
10% pre-cold rolling along ND in an AZ31Mg alloy
to induce contraction twins and reported a 66%
increase in stretch formability in the pre-cold rolled
and annealed (400 �C) sample as compared to its non-
rolled counterpart, as shown in Figure 14c–h.[247] The
significant improvement in stretch formability of the
pre-cold rolled and annealed AZ31Mg alloy was
attributed to nucleation and growth of randomly ori-
ented recrystallized grains at contraction twins dur-
ing annealing.

Stretch formability is mainly dependent upon
elongation-to-failure, strain hardening exponent (n-
value) and plastic anisotropy (r-value), where high
ductility, high n-value, and lower r-value can result in

enhanced stretch formability in Mg alloys. Kang et al.
conducted the Erichsen test on various twin-roll cast
Mg alloys at RT to identify the relationship between
stretch formability and strain hardening capacity.[249]

Basal texture weakening and an increase in grain size
lead to high n-values, and a linear relationship was
suggested between stretch formability and n-value.
Typically, in rolled Mg alloy sheets with the c-axis
parallel to ND, thickness strain can only be accommo-
dated by< cþ a> pyramidal slip, which has the high-
est CRSS value among all slip systems. This results in
a low strain hardening capability and higher r-value,
leading to poor stretch formability. Song et al. col-
lected data on various Mg alloys and suggested an
inverse relationship between stretch formability and r-
value.[45] Several researchers have reported that pre-
twinning can simultaneously result in higher n-value
and reduced r-value, thus enhancing stretch formabil-
ity. In pre-twinned Mg, the f1012g TTWs are formed
with the c-axis parallel to TD, so the through-thick-
ness strain can be accommodated by basal slip,
prismatic< a> slip, and detwinning. Hence, basal slip
and detwinning suppress dynamic recovery due to
limiting non-basal slip, resulting in a reduced r-value

Figure 14. (a) The schematic illustration of crystallographic characteristics of as-rolled and pre-compressed material with respect to
h and a, here h is the angle between c-axis and loading axis, a is the angle between a-axis and loading axis, when unit cell is
rotated at the h¼ 90o position,[246] (b) stress required for activating slip systems and detwinning under twinned and untwinned
region,[246] (c,f), (d,g), and (e,h) represents the EBSD maps and samples left after Erichsen test for as-received, 10% pre-rolled and
annealed at 300 �C and 10% pre-rolled and annealed at 400 �C, respectively.[247]
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and higher strain hardening capacity. Moreover, ran-
domization of texture and increased dislocation-twin
interaction due to a higher fraction of twins can result
in high strain hardening capability. When twins are
formed, the twin boundaries act as an obstacle to dis-
location slip and consequently become a source of
work hardening.

A remarkable improvement in formability (65%) in
Mg-3Al-1Zn (wt%) alloy was brought about by pre-
stretching to 5% along the RD followed by annealing at
260 �C for 30 mins.[250] Microstructural and microtex-
tural analysis revealed that the significant weakening of
basal texture and grain growth in the 5% pre-stretched
sample lead to higher n-value and lower r-value as
compared to the as-received alloy, which eventually
contributed to superior stretch formability. A very
interesting result was recently reported by Weili et
al..[251] Multidirectional pre-compressive deformation
(TD5.38%-RD3.3%) was conducted on AZ31, followed
by annealing at 450 �C for 2 h. A significant degree of
texture weakening was observed in the TD5.38%-
RD3.3% pre-compressed specimen, which was attrib-
uted to grain coarsening due to twin-twin interactions
contributing nucleation sites for static recrystallization
during annealing. Grain coarsening and basal texture
weakening resulted in a 112.4% increase in the stretch
formability of the TD5.38%- RD3.3% pre-compressed
specimen as compared to the as-received sample.
Accordingly, pre-twinning has been suggested to be a
very effective and economical method of tailoring the
texture and achieving high stretch formability in
Mg alloys.

3.1.4. Precipitation
Precipitates (second phase particles), either those that
are artificially added to a molten Mg alloy or interme-
tallic compounds formed by chemical reactions
between alloying elements, have been reported to
enhance the strength, manipulate the overall grain size
by the PSN effect and modify the texture of Mg alloys,
as discussed in Section 3.1.2. The constitutive roles
played by precipitates largely depend on their type
and size, the spacing between the precipitates, and the
overall volume fraction of precipitates.[252] Therefore,
desirable properties can be targeted by introducing
suitable precipitates and manipulating the related
characteristics. Strength can be imparted to Mg alloy
by precipitation since precipitates act as an obstacle to
dislocation motion during deformation, resulting in a
high propensity of dislocations in the area around the
precipitate particles, which effectively strengthens Mg
alloys. Plate-type precipitates on the prismatic planes

have been reported to effectively strengthen Mg alloys
by suppressing basal slip shearing.[253,254] Accordingly,
strengthening of an alloy can be explained by the
shear resistance (shear ability) of precipitates to vari-
ous dislocation types in Mg (<a> basal,
<a> prismatic, <cþ a> pyramidal), where the for-
mation of non-shearable precipitates could result in
superior strength in Mg alloys. The shear ability of
the precipitates can be controlled by interface effects
or by the formation of an anti-phase boundary (APB)
inside the precipitates.[255] Moreover, precipitates in
Mg show high anisotropy, and can thus shear more
easily in some specific planes as compared to others.
Ellen et al. examined the deformation behavior of the
b000 and b0 phases in Mg-Nd and Mg-Y alloys, respect-
ively.[256] HAADF-STEM analysis of the deformed
samples revealed that the basal plane sheared the b000

phase, while both the basal and non-basal slip planes
sheared the b0 phase in the Mg-Y alloy. Accordingly,
the type of dislocation inside the precipitates and their
relative shear resistance to various slip systems must
be identified to control the coherency and morph-
ology of the precipitates when designing high-strength
Mg alloys. Kim et al. conducted hot compression and
tensile tests on AZ31 and Ca-containing AZ31 (AZ31-
0.7Ca, AZ31-2Ca (wt%)) and reported increased flow
strength in the latter alloy.[257] TEM revealed that the
high fraction of (Mg, Al)2Ca particles contributed
toward suppression of grain growth in the Ca-con-
taining alloy, resulting in superior strength. Other,
similar, results have also been reported, in which pre-
cipitation hardening by dispersive precipitates resulted
in improved tensile strength.[173]

Strengthening by precipitation, however, sacrifices
ductility, in a manner often referred to as the
strength-ductility tradeoff. Accordingly, researchers
are attempting to identify the optimum conditions for
alloying and microstructural design that can result in
strength-ductility synergy. Yu et al. introduced an M1
(Mg-1Mn (wt%)) alloy with high strength and super-
ior ductility.[258] Microstructural observations revealed
that M1 consisted of refined grains (3.1 mm), probably
because fine Mn precipitates suppressed grain growth
during the extrusion process. Moreover, the M1 alloy
demonstrated a high elongation to failure ratio
(38.8%) and improved yield anisotropy due to the Mn
precipitates and grains with[99] planes parallel to the
[0001] planes of Mg, which restricted twinning initi-
ation. Very recently, Wei et al. proposed a Mg alloy
with excellent strength and ductility using a novel
strategy that includes an extrusion process followed by
pre-deformation and aging of the as-extruded
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samples.[259] A GW83 K (Mg-8Gd-3Y-0.5Zr (wt%))
Mg alloy pre-deformed by 2% and aged for 16 h at
225 �C demonstrated excellent mechanical properties,
with YS, UTS and ductility values of 371MPa,
419Mpa, and 15.8%, respectively. The increase in dis-
location density upon pre-deformation and formation
of chain-like nano-precipitates were suggested as
the reason for the improved properties, as these
acted as obstacles to dislocation slip, thus enabling
enhanced ductility.

It is well-established that DRX behavior can signifi-
cantly modify the microstructure of an alloy due to
grain refinement and the increase in random texture
of DRXed grains, which helps to enhance the per-
formance of Mg alloys. In this regard, precipitates
(intermetallic compounds) distributed throughout the
matrix have been considered to be the most influential
microstructural feature in promoting DRX. The severe
deformation zones that form around the precipitates
(> 1 mm diameter) during plastic deformation lead to
high local lattice misorientation. The dissipation of
the accumulated stored energy of lattice misorienta-
tion results in rapid sub-boundary migration in their
vicinity, leading to vigorous nucleation of new DRXed
grains, as shown in Figure 15a–d. Moreover, the
nucleated grains usually adopt random orientations
and are thus very effective at manipulating texture.
Robson et al. provided direct evidence of recrystalliza-
tion behavior originating from the precipitates by con-
ducting a compression test followed by annealing at
400 �C for 2 h on Mg-Mn alloys.[261] Microstructural
characterization of the deformation zones confirmed

that the orientation gradient near the coarse particles
(> 1mm diameter) and particle clusters was less steep,
confirming the PSN mechanism. Moreover, DRX
behavior in AZ31-0.5Ca has been reported to begin at
very early stages of deformation, as a rolling reduction
of only 21% resulted in a significant evolution of
DRXed grains.[241] Microstructural characterization
confirmed the role of (Mg, Al)2Ca particles in promot-
ing DRX. Kim et al. investigated the microstructural
features and mechanical performance of extruded AZ31
following the combined addition of Ca and Y.[260]

EBSD analysis revealed significant promotion of
DRXed behavior in an AZXW3100 (AZ31-0.5Ca-
0.2Y)(wt%) alloy as compared to AZ31, which was
attributed to the PSN effect caused by the (Mg, Al)2Ca
and Al8Mn4Y precipitates dispersed in the AZXW3100
alloy (Figure 15e–g). The mutual effects of GB harden-
ing and grain size reduction due to the higher fraction
of DRXed grains, texture softening, and strain harden-
ing caused by increased accumulation of dislocations in
un-DRXed grains suppressed the formation of twins
and precipitate hardening due to undissolved precipi-
tates and resulted in a significant increase in the tensile
YS of the AZXW3100 alloy (290MPa) as compared to
AZ31 (248MPa) (Figure 15h and i).

It is well-known that twinning can result in crack
initiation, eventually leading to premature failure in
Mg alloys. Precipitates have also been reported to sup-
press deformation twinning in cases where effective
precipitation of suitable precipitates encourages
deformation by slip.[262] Precipitates do not retard
twin nucleation (and sometimes even promote twin

Figure 15. (a–d) Schematics showing the evolution of DRXed grains by the dislocation pile ups near precipitates, (e–f) Combined
image of SEM and EBSD IPF showing the recrystallized regions of extruded AZXW3100 alloy,[260] (h–i) Tensile and compressive
stress-strain curve of extruded AZ31 and AZXW3100 alloys, respectively.[260]
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nucleation) during deformation, but restrict the total
volume fraction and propagation of twin thickening
by blocking the tips of twins, inhibiting twin
growth.[263–265] Jian et al. reported a reduction in
tension-compression yield asymmetry in an Mg-8Al-
0.5Zn (wt%) alloy.[266] This was attributed to a reduc-
tion in twinning rate due to the presence of Mg17Al12
precipitates. Hence, when designing a high-strength,
twinning-resistant Mg alloy, a high degree of shear
resistance of the precipitate in the twinning direction
is desirable in order to cope with back stresses and
produce a material with sufficiently large grain size to
inhibit twin growth.

3.2. Altering the relative critical resolved shear
stress (non-basal/basal)

The limited ductility of Mg alloys is associated with the
inability of the HCP structure to accommodate plastic
strain in the crystallographic c-axis. Large differences in
the CRSS values of the basal and non-basal slip systems
(�1/40MPa and 1/100MPa for basal/prismatic and
basal/pyramidal, respectively) lead to premature failure
in Mg alloys before non-basal slip can be activated.
Thus, widespread application of Mg alloys has been
impeded due to the intrinsic brittleness of Mg.
Accordingly, to fulfill the von Mises criterion, five
independent slip systems need to be activated to
accommodate arbitrary shape change. This can be
achieved by activating non-basal slips by altering the
CRSS values of the basal and non-basal slip systems
(CRSSnon-basal/CRSSbasal), either by hardening of the
basal slip system (increasing the CRSS values) or soft-
ening of the non-basal slip system (decreasing the
CRSS values). Hence, remarkable improvement in the
ductility of Mg alloys can be achieved when the ratio
(CRSSnon-basal/CRSSbasal) approaches 1, when non-basal

slip can be readily activated to accommodate plastic
strain during deformation.

Experimentally measuring the CRSS values of vari-
ous deformation mechanisms in polycrystalline Mg is
a near-impossible task; hence, approximate CRSS val-
ues have been used that are obtained from crystal
plasticity models, including the VPSC model, EPSC
model, and others.[14,51,55,65,66,267–269] In these model-
ing techniques, the parameters, including plastic
anisotropy, stress-strain behavior, and texture evolu-
tion, are simulated and compared with the experimen-
tally received results. Accordingly, the absolute or
relative CRSS values of slip systems have been
extracted in optimized conditions. The CRSSnon-basal/
CRSSbasal ratio of polycrystalline Mg has been shown
to be much less than that of Mg single crystal, result-
ing in higher activity of the non-basal slip system in
strong-textured polycrystalline Mg as compared to a
single crystal sample with a similar orientation.[270]

Solid solutions have been reported to significantly
contribute to hardening of basal slip and, sometimes,
softening of non-basal slip, eventually resulting in
enhanced activation of non-basal slip systems.[52,53,271]

The CRSS values of polycrystalline Mg are very much
related to the hardening imposed by solute segrega-
tion, GBs, and second phase particle dispersions
(intermetallic compounds). For example, Ca report-
edly alters the activities of the slip systems in an
AZ31 alloy, thereby increasing the overall perform-
ance of the alloy.[14,272] VPSC simulation was con-
ducted to predict the final textures of two alloys
(AZ31 and AZ31-0.5Ca) deformed to 10%, and the
results were compared with the texture of the alloys
measured experimentally as shown in Figure 16a. The
results confirmed that the formation of (Mg,Al)2Ca
intermetallic compound in Ca-added AZ31 hardened
the basal slip, leading to an increase in the CRSS

Figure 16. (a) Experimental and VPSC simulated pole figures of AZ31 and AZ31-0.5Ca,[14] (b) CRSS of Mg-Y alloys on basal, pris-
matic, and pyramidal II planes at 0 K.[273]
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needed to activate this slip, and eventually reducing
the CRSSprismatic/CRSSbasal ratio (1.6 vs. 2.2 in AZ31-
0.5Ca and AZ31, respectively), which lead to higher
ductility in AZ31-0.5Ca.[14] In another work, Sn was
reported to significantly improve the stretch formabil-
ity (�10.2mm) of a Mg-3Al alloy.[77] A plasticity
simulation carried out on AZ31 and AT31 (Mg-3Al-
1Sn) (wt%) showed that the prismatic< a> slip is the
dominant deformation mode in the latter alloy,
besides typical basal< a> slip. Sn addition resulted in
hardening of basal slip (43.86 and 62MPa in AZ31
and AT31, respectively) and simultaneous softening of
prismatic slip (109.56 and 78.09MPa in AZ31 and
AT31, respectively), which reduced the planar anisot-
ropy and r-value in the AT31 alloy and produced
improved performance.

Similarly, reducing the CRSSnon-basal/CRSSbasal ratio
in Mg alloys can be achieved by the strengthening
imposed by solute atoms on different slip systems. For
example, the CRSS of the basal slip system in Mg sin-
gle crystal was reported to increase with the square
root of Zn concentration (beyond 0.025 at%), which
was attributed to higher forest dislocation density at
the basal slip.[52] Similarly, TEM analysis of Mg-Al
thin foils showed that the basal dislocation density
increases parabolically with increasing solute concen-
tration. For instance, MD simulations were conducted
on Mg-Y to identify the role of Y solute on the CRSS
values of an edge dislocation on the basal and non-
basal slip systems, and the results were compared with
those of pure Mg.[273] The solid solution strengthen-
ing effect was observed to be larger on the basal plane
than the non-basal plane upon alloying with Y, based
on the binding energies of solute atoms and various
slip systems, as shown in Figure 16b. Basal slip hard-
ening reduced the gap between the basal and non-
basal slip systems and plastic anisotropy in the Mg-Y
alloy, which was suggested to be the mechanism driv-
ing the high non-basal slip activity detected experi-
mentally. In addition, promotion of non-basal slip
systems has been reported to be significantly affected
by the c/a ratio, which can reduce the CRSS gap
between the basal and non-basal slip systems.[69,274,275]

Accordingly, modifying the c/a ratio of an HCP crys-
tal by specific solute addition clearly has the potential
to improve the RT performance of Mg alloys. For
example, substituting Mg atoms with Li has been
reported to substantially reduce the c/a ratio, resulting
in softening of the non-basal slip system.[276] The
excellent improvement in ductility was thus attributed
to the incorporation of more slip systems due to the
lower activation energy of the non-basal slip system.

3.3. Controlling the atomistic flow mechanisms

The key to designing intrinsically highly ductile Mg is
to attain a thorough understanding and control of
various atomistic flow mechanisms, which can be
summarized as follows:

1. Decreasing the SFEs
2. Suppressing and stabilizing the PB transition
3. Promoting the cross-slip of pyramidal II

dislocations

Specific solute additions are required to reduce the
SFE, as they increase the nucleation of non-basal dislo-
cations. Accordingly, reduced SFE indicates a higher
density of nucleations with non-basal orientations. As
the non-basal orientations provide the out-of-basal
plane strain, they will eventually result in enhancement
of ductility in Mg alloys.[122] In addition, it has been
demonstrated experimentally that the pyrami-
dal< cþ a> system undergoes a thermally activated
glissile-to-sessile transition upon deformation and acts
as an obstacle to dislocation motion; hence, it has been
tagged as the origin of lower ductility in Mg alloys.[72]

These immobile dislocations pile up, and the higher
rate of these transitions increases the number of immo-
bile dislocation pile-ups. Accordingly, solute additions
should be designed to enhance the PB transition time,
leading to increased availability of the easy gli-
de< cþ a> dislocation to accommodate c-axis plastic
strain and finally resulting in enhanced ductility. The
last important mechanism exploits the tendency of suit-
able solutes to accelerate cross-slip of pyramidal
II< cþ a> screw dislocations by reducing the cross-
slip energy barrier.[129] The resulting decrease in the
energy barrier and subsequent higher cross-slip disloca-
tions result in multiplication of< cþ a> dislocations,
which can significantly accommodate plastic strain in
the crystallographic c-axis, leading to enhanced ductility
in Mg alloys.

Despite the numerous efforts that have been made
to understand the precise mechanisms by which
highly ductile Mg alloys can be formed, long-
standing, significant obstacles remain. The above-
mentioned mechanisms have been extensively inves-
tigated by exploiting various solutes, yet there is a
lack of clear understanding of the individual and col-
laborative effect of solutes on these atomistic flow
mechanisms. Accordingly, high-throughput DFT cal-
culations should be conducted to promote our
understanding of these phenomena and their mutual
relationships with one another.
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4. Recent advances in magnesium with
improved ductility

4.1. Magnesium alloys with improved ductility

Due to its intrinsic hexagonal lattice structure, magne-
sium has limited RT ductility, which impedes its wide-
spread industrial application. This inferior RT ductility is
primarily due to the dominance of f0001g< 1120>
basal< a> dislocation slip and f1012g< 1011> tensile
twinning during plastic deformation.[67–69,73,277] The
basal< a> slip fails to accommodate strain along the
crystal’s c-axis and, instead, leads to the rotation of the
crystal’s c-axis such that it aligns parallel to the direction
of loading.[277] This results in the formation of extremely
strong textural components of basal/fiber textures, lead-
ing to failure at low strains.[73,278] Alternately, the strain
along the crystal’s c-axis is accommodated only through
the activation of non-basal slip systems in HCP crystals,
which consequently leads to homogenous plastic deform-
ation of Mg even under higher strains.[70,72] Although
dislocations with< cþ a>Burgers vectors occasionally
form in pure Mg, Wu et al. used MD simulations to
demonstrate that dislocations with non-basal Burgers
vectors are typically unstable and, hence, relax onto the
basal planes.[72] Therefore, alloying is an effective alterna-
tive strategy of manipulating the dislocation and slip sys-
tems and, thus, the stability of Mg.[279] In particular, it is
often suggested that alloying with RE and other elements
tremendously improves RT ductility.[279] This notion is
discussed comprehensively in the following sections.

4.1.1. Magnesium-RE-based alloys
Magnesium-rare earth alloys are a class of magnesium
alloys with extraordinary properties, such as excellent
strength, ductility, creep resistance, etc.[279] Several
commonly used RE elements include Y, Ce, Gd, La,
Er, Nd, Dy, etc. Evidence of their effectiveness at

improving ductility under both tensile and compres-
sive loads is presented in Figure 17a and b.[115] The
RE elements increase the ductility of Mg by more
than four times. Some of the most effective RE alloy-
ing additions that lead to significant improvements in
ductility are discussed below; they are classified based
on their RT solid solubility in Mg.

4.1.1.1. Low solubility binary alloys
4.1.1.1.1. Mg-Ce alloys. With a negligible RT solid
solubility in Mg, Ce forms a eutectic of
a-MgþMg12Ce in the Mg matrix.[280] Owing to the
formation of secondary phase particles, Ce aids in the
dispersion strengthening of Mg.[280] Addition of trace
amounts of Ce up to 0.2% contributed significantly to
improving the ductility of magnesium under tensile
loading from 9 to 31% (Table 2).[281] This improved
ductility can be atributed to the evolution of random-
ized texture as a result of the dynamic recrystallization
process in the course of extrusion. However, this
increased ductility coincided with a reduction in the
YS. Additionally, Chino et al. demonstrated that
enhanced ductility was the result of increased stacking
fault energy in Mg-0.2Ce, which aided in activation of
non-basal slip.[68] With addition of 0.4% Ce to Mg,
Tekumalla et al. demonstrated a simultaneous
enhancement of strength and ductility without any
textural changes.[283] Furthermore, the authors sug-
gested that grain size refinement was the dominant
factor driving the observed improvements in strength
and ductility, which increased by 182% and 93% in
the Mg-0.4Ce (wt%) alloy in comparison to Mg. With
further addition of Ce to 0.5%, Luo et al. reported a
reduction in ductility and further strengthening of the
alloy, along with severe surface oxidation of the extru-
sions.[282] With even higher amounts of Ce of about
1% a further reduction in ductility was observed

Figure 17. Stress-strain curves under (a) tension and (b) compression of various Mg-RE alloys.[115]
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because of the formation of a higher fraction of
Mg12Ce intermetallic compounds and associated detri-
mental morphologies. Table 2 lists the tensile properties
of the binary Mg-Ce alloys reported thus far.[284,285]

4.1.1.1.2. Mg-Nd alloys. With an insignificant solid
solubility in Mg at RT, Nd forms secondary phases
(Mg3Nd and Mg12Nd) when added to the Mg matrix
and shows good age-hardening behavior.[284,286] Nd
significantly improves the YS of Mg via dispersion
and precipitate strengthening mechanisms. Seitz et al.
reported excellent ductility in an extruded and heat-
treated Mg-2Nd alloy (Table 3) and identified this
alloy as a promising bio-material for stents and other
applications considering its low strength and limited
degradation potential.[287]

4.1.1.2. High solubility binary alloys
4.1.1.2.1. Mg-Y alloys. With a RT solid solubility of up
to 0.5 at% and 1.8 wt%, Y addition allows for

strengthening by both solid solution and precipitation
owing to the difference in the atomic radius of Y
(atomic radius ¼ 212 pm) and Mg (atomic radius ¼
145 pm).[288,289] There was a reduction in ductliity
along with an improvement in strength with addition
of Y up to 6.5%, as shown in Table 4. The same was
also reported by Xuenan et al. for Mg-1wt%Y,[290]

where rolling led to poorer ductility of the alloys
when compared to their as-cast counterparts; the
authors concluded that Y was detrimental for the duc-
tility and corrosion of the Mg-1Y alloy. However, fur-
ther investigations of Mg-Y alloys by Zhou et al.
revealed a tremendous improvement, up to 33%, in
the ductility of the as-extruded Mg-3%Y, along with
an improvement in the strength (Table 4).[292] The
authors attributed this tremendous improvement in
ductility to the activity of multiple modes of deform-
ation. Identical observations of simultaneous increases
in strengths and ductility were reported by Tekumalla

Table 2. Tensile properties of binary Mg-Ce alloys.[279]

Alloy (wt%) Processing condition YS (MPa) UTS (MPa) Ductility (%)

Mg-0.2Ce Castþ Extruded at 400 �C[281] 68.6 170 31
Mg-0.2Ce Castþ Extruded at 300 �Cþ Rolled at 400 �C[68] 110–135 200–220 14–16
Mg-0.2Ce CastþHomogenized at 400 �Cþ Extrusion at 350 �C[282] 100 215 20.6
Mg-0.5Ce 130 230 8
Mg-0.4Ce As cast[280] 140 160 20
Mg-0.4Ce CastþAnnealed at 520 �C for 1 hþwater quenched[280] 90 120 29
Mg-0.4Ce CastþHot extruded at 350 �C[283] 206 ± 8 223 ± 6 27
Mg-0.4Ce CastþHot extruded at 350 �Cþ Solutionized at 570 �C[283] 138 ± 5 200 ± 10 24
Mg-0.53Ce High Pressure Die Cast[284] 80 140 5.5
Mg-0.93Ce 90 – 5
Mg-1.48Ce 100 – 4
Mg-2.87Ce 135 160 1.5
Mg-4.78Ce 150 – 0.9–1
Mg-1Ce Castþ hot rolled at 400 �C[285] 146 ± 5.5 168.5 ± 3 7.1
Mg-1Ce Castþ hot rolled at 400 �Cþ annealed for 1 h

at 250 �CþWater quenched[285]
134 ± 2.5 205.5 ± 7 2.7

Mg-1Ce 124.6 ± 1.5 212.7 ± 4.7 3.3
Mg-1Ce 106 ± 4.7 197.6 ± 4.2 11.9
Mg-1Ce 101.5 ± 1.6 203.1 ± 2.6 14.9
Mg-1Ce 99 ± 2.1 203.3 ± 4.4 16.9

Table 3. Tensile properties of binary Mg-Nd alloys.[279]

Alloy (wt%) Processing condition YS (MPa) UTS (MPa) Ductility (%)

Mg-0.47Nd High Pressure Die-cast[284] 81 189 9.5
Mg-0.76Nd 85 – 6.75
Mg-1.25Nd 92 – 4.8
Mg-2.60Nd 115 – 4.1
Mg-3.53Nd 130 140 2.5
Mg-1.2Nd As-cast[286] 95 123 4.61
Mg-1.85Nd 121.2 155.8 2.76
Mg-3.59Nd 141.2 153.6 1.08
Mg-2Nd Castþ Extruded at 380 �C[287] 77 193 30

-
Mg-2Nd Castþ Extruded at 380 �Cþ annealed

for 16 h at 204 �C (T5(1))[287]
123 240 26

-
Mg-2Nd Castþ Extruded at 380 �Cþ annealed

for 48 h at 204 �C (T5(2))[287]
102 242 27.5

-
Mg-2Nd Castþ Extruded at 380 �Cþ solution treated for 3 h

at 510 �Cþ annealed for 16 h at 204 �C (T6(1))[287]
125 220 15

-
Mg-2Nd Castþ Extruded at 380 �Cþ solution treated for 3 h

at 510 �Cþ annealed for 48 h at 204 �C (T6(2))[287]
70 230 18.5

-
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et al.,[291] Sandlobes et al.,[67] and Edassiqi et al.[293]

For Mg-4Y, Wu et al.[220] reported an increase in duc-
tility to 30%, from 15% in pure Mg, at the expense of
strength (Table 4). The authors related this drop in
strength and improvement in ductility to a texture
effect, as Y reduces the c/a ratio and hence the CRSS
needed to activate the pyramidal slip system during
deformation. Activation of the pyramidal slip system
leads to extensive plasticity in Mg-Y alloys.[294] Other
studies of Mg-Y alloys also highlighted enhancements
in< cþ a> cross-slip activity and accredited the
higher ductility of Mg-Y alloys relative to pure Mg to
the observed activity, which allows for plastic deform-
ation,[69,129,273] as shown in Figure 18. Sandlobes et al.
credit the ductility to the reduced I1SFE which accom-
panies the activation of non-basal shear with
Y addition.[75]

4.1.1.2.2. Mg-Gd alloys. Gd, like Y, has a a high solubl-
ity in Mg of about 23.5wt% at eutectic tempera-
ture.[295] Hence, it also promotes strengthening by
forming a solid solution in Mg.[218,296] In fact, Mg-Gd
alloys have excellent property profiles matching that of
human cortical bone,[296] with superior elongation to
failure (ductility) in comparison to other metal implant
materials such as stainless steel, titanium alloys, etc.
Gd was added to Mg in concentrations of up to
20% by weight.[297] The Mg-20Gd alloy contained
a-MgþMg5Gd in its microstructure along with refined
grains, which led to an increase in strength (Table 5).
Similar to the other RE elements, Gd addition weakens
the recrystallization texture when added to Mg in con-
centrations up to 1%, and further addition has no fur-
ther effect on the texture.[298] It forms a RE textural
component that renders the alloys highly ductile, up to
30% along the extrusion direction.[217] The same
authors also reported suppression of the RE textural
component at higher extrusion temperatures.[285]

4.1.1.3. Ternary/complex alloys
Given the excellent ductility of Mg-RE alloys, innu-
merable attempts to create ternary and complex alloys
with a mixture of different RE elements and/or other
common alloying elements have been made in the
past.[279,282,299–303] Some of the most promising tern-
ary/complex alloys that show promising ductility
under tensile loading conditions are given in Table 6.
Among these, Mg-Zn-Gd alloys are noteworthy as
they exhibit ductility > 40% in rolled condition; the
improved ductility was attributed to Gd’s texture-
weakening effects.[17] Apart from Gd, other additions
to the Mg-Zn alloy, such as 0.4Y, also contributed to
a high ductility of 30%, as reported by Le et al.[85]

Furthermore, WE43[304] and E21[306] are commercial
RE-based ternary/complex alloys with extraordinary
properties that are currently being used for aerospace/
automobile/biomedical applications. Panigrahi et
al.[304] reported improved ductility in WE 43 alloys
with forging and attributed the improvement to acti-
vation of non-basal slip prior to twinning.
Furthermore, Li-based alloying additions in combin-
ation with Ce also exhibited excellent ductility (as
high as 33%), as reported by Wang et al.[305] The
improved properties were attributed to the a (Mg)
phase and b (Li) phase and refinement of the
microstructure.

4.1.1.4. Modifications and properties of magnesium-
RE-based alloys
4.1.1.4.1. Texture randomization and solute segrega-
tion. While “texture weakening” in Mg alloys has been
mentioned several times in this article and has been
attributed to improved ductility, in this section, the
mechanism of texture weakening, and solute segrega-
tion is discussed using the example of a Mg-Ce alloy.
As discussed earlier, Ce aids in weakening/

Table 4. Tensile properties of binary Mg-Y alloys.[279]

Alloy (wt%) Processing condition YS (MPa) UTS (MPa) Ductility (%)

Mg-0.7Y As castþ heat treated for 2-12 h at 525 �C[289] 39 150 14
Mg-1.23Y 45 155 13
Mg-3.1Y 70 160 11
Mg-4.67Y 89 175 10
Mg-6.5Y 110 230 8
Mg-1Y As-Cast[290] 25 75 10
Mg-1Y CastþHot Rolled at 400 �C[290] 148 200 9.3
Mg-0.4Y Castþ Extruded at 350 �C[291] 120 176 7
Mg-1Y 111 166 10
Mg-1.8Y 109 167 31
Mg-3Y Castþ Extruded at 350 �C[292] 120 200 33
Mg-2Y CastþHeat treated for 12 h at 480 �Cþ Extruded at 420 �C[220] 92 189 21
Mg-4Y 87 177 30
Mg-2Y CastþHot Rolled at 450 �CþAnnealed[293] 146 228 30.5
Mg-3Y Gravity castþHot rolledþAnnealed for 15min at 500 �C[67] 92 165 24
Mg-5Y Powder Metallurgyþ Cold pressed (@540MPa) þ Extruded at 420 �C[294] – 350 7
Mg-10Y – 440 9
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randomizing the texture and reducing the CRSS for
non-basal< cþ a> slip, hence improving the mechan-
ical properties of Mg.[281] Mishra et al. reported on
Mg and Mg-0.5Ce alloys with distinct initial textures

and grain sizes.[307] The addition of Ce reduced the
average grain size of the alloy due to the presence of
Mg-Ce precipitates that pin the grain boundaries and
hinder grain growth during recrystallization. It is

Figure 18. (a) Stress-strain curves and deformation activity of Mg-Y alloys at RT, pole figures and TEM images showing dislocation
structures in strained (b) pure Mg, (c) Mg-3wt%Y, and (d) Mg-1wt%Y.[129]

Table 5. Tensile properties of binary Mg-Gd alloys.[279]

Alloy (wt%) Processing condition YS (MPa) UTS (MPa) Ductility (%)

Mg-0.22Gd Castþ hot rolled at 400 �Cþ annealed at 380 �C for 1 h[298] 120 190 6
Mg-0.75Gd 145 210 12
Mg-2.75Gd 160 205 21
Mg-4.65Gd 165 210 26
Mg-1Gd Castþ hot rolled at 400 �C[285] 138.2 ± 1.7 173.3 ± 4 4.8
Mg-1Gd Castþ hot rolled at 400 �Cþ annealed at 250 �C for 1 hþWater Quenched[285] 129.3 ± 4.9 191.2 ± 5.9 3.4
Mg-1Gd Castþ hot rolled at 400 �Cþ annealed at 300 �C for 1 hþWater Quenched[285] 124.5 ± 1.4 225 ± 2.6 4.2
Mg-1Gd Castþ hot rolled at 400 �Cþ annealed at 350 �C for 1 hþWater Quenched[285] 111 ± 4.8 240 ± 22 29.7
Mg-1Gd Castþ hot rolled at 400 �Cþ annealed at 400 �C for 1 hþWater Quenched[285] 71.3 ± 3.4 184.9 ± 2.5 29.6
Mg-1Gd Castþ hot rolled at 400 �Cþ annealed at 450 �C for 1 hþWater Quenched[285] 70.4 ± 2.4 220.6 ± 2.9 29.6
Mg-1.55Gd Castþ Solution treated for 3 h at 530 �Cþ 5 h at 560 �Cþ Extruded at 450 �C[217] 102 214 23.9
Mg-1.55Gd Castþ Solution Treated for 3 h at 530 �Cþ 5 h at 560 �Cþ Extruded at 510 �C[217] 130 210 15.8
Mg-2Gd As-cast[296] 37.9 103.7 6.4
Mg-2Gd As-castþ solutionized (T4)[296] 33.4 87.0 4.9
Mg-2Gd As-castþ solutionizedþ artificially aged (T6)[296] 41.2 101.3 5.6
Mg-5Gd As-cast[296] 54.7 128.4 6.6
Mg-5Gd As-castþ solutioned (T4)[296] 44.8 98.0 6.0
Mg-5Gd As-castþ solutionizedþ artificially aged (T6)[296] 42.6 78.6 4.2
Mg-10Gd As-cast[296] 84.1 131.1 2.5
Mg-10Gd Castþ solutioned (T4)[296] 69.1 111.6 3.1
Mg-10Gd Castþ solutionizedþ artificially aged (T6)[296] 85.4 132.2 2.1
Mg-15Gd As-Cast[296] 127.6 175.2 0.9
Mg-15Gd Castþ solutionized (T4)[296] 118.0 186.8 2.4
Mg-15Gd Castþ solutionizedþ artificial aged (T6)[296] 201.3 250.9 0.7
Mg-3.11Gd Castþ Solution treated at 535 �C/1.5 h[218] 60 160 13
Mg-5.73Gd Castþ Solution treated at 535 �C/4 h[218] 80 180 11
Mg-9.28Gd Castþ Solution treated at 535 �C/6.5 h[218] 100 190 9
Mg-14.2Gd Castþ Solution treated at 535 �C/9 h[218] 130 225 8
Mg-19.6Gd Castþ Solution treated at 540 �C/9.5 h[218] 150 255 7.5
Mg-20Gd Melt Spun[297] 308 308 12
Mg-20Gd As-cast[297] 254 254 13
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widely reported that GB segregation and pinning play
a crucial role in texture modification by arresting
migration of basal grain boundaries.[226,307] This
allows for retainment of non-basal grains even after
recrystallization. Texture randomization and grain
boundary solute segregation are shown in the EBSD
maps in Figure 19. Addition of Ce above its solubility
limit, i.e., > 0.1 wt%, causes a reduction in the CRSS
for< cþ a> dislocations; therefore, dislocations are
generated, resulting in a condition that favors nucle-
ation of grains during the recrystallization process.
Furthermore, excess Ce that is not in the solid solu-
tion forms an Mg-Ce phase which assists in grain
boundary pinning and further reinforces the random
orientations of the grain structure. Thus, texture ran-
domization and solute segregation are interdependent
factors, and are the mechanisms driving changes in
the properties of Mg-RE alloys.
4.1.1.4.2. Long-period stacking ordered structures.
Long-period stacking ordered (LPSO) structures form
in several Mg alloys, especially those with higher RE
content including Mg-Gd-Zn alloys with high Gd con-
tent, which have a Zn/Gd ratio of � 1.0.[308] Mg-Gd-
Zn alloys have been extensively studied,[309–311] and it
has been reported[309] that Mg–10Gd–xZn alloys
(x¼ 2,6) exhibits lower ductility, as shown in Table 7,
despite their excellent strength due to the
lamellar LPSO structures. These structures typically
form as a result of heat treatment. For example,
Mg–8.2Gd–3.8Y–1.0Zn–0.4Zr (wt%) exhibits eutectic
compounds of Mg-(Gd,Y) in as-cast condition, but
forms 14H- and 18 R-type LPSO upon heat treat-
ment,[314,315] which aid in improving the mechanical

properties. The LPSO phases are found at grain boun-
daries upon aging, where they lead to improved
strength of Mg alloys.[312,316,317] Furthermore, in
ZEK100 alloys with RE elements such as Nd, Gd, La,
Ce, Al-Samman et al.[73] reported the best formability
in the Gd-containing alloy at the expense of YS. This
was attributed to the unique RE texture formed by
Gd-containing alloys, which differs from that seen in
other RE-containing alloys. LPSO structures were also
reported in other alloys, such as Mg-Zn-Mn[318] and
Mg-10Er-2Cu alloys[313] with an 18R LPSO phase
which resulted in excellent mechanical properties, as
shown in Table 7.
4.1.1.4.3. Critical resolved shear stresses of slip sys-
tems. The critical resolved shear stress (CRSS) dictates
the initiation of plastic deformation by slip in the
grains. The relative CRSS values of different modes of
slip in Mg are given in Table 8. It is evident that there
is a significant variance in the CRSS of basal slip vs.
other deformation modes. This leads to the poor duc-
tility of Mg due to the development of strong textures
and lack of activation of other slip systems for homo-
geneous deformation. Atomistic simulations[273,319] of
Mg-Y alloys show that a reduction in the difference
in CRSS between the basal< a> and non-
basal< cþ a> slips is crucial for the activation of the
non-basal< cþ a> slip, which leads to the onset
of< cþ a> slip in Mg-Y alloys, as shown in Figure
20, thereby rendering them highly ductile. In Mg-Al
alloys, the CRSS difference between the two types of
slip is large and strengthening due to the high solid
solubility of Al in Mg is present; hence, <cþ a>-type
slip activity is not prominent. Therefore, Kim et al.

Table 6. Tensile properties of Mg-RE ternary/complex alloys.
Alloy (wt%) Processing condition YS (MPa) UTS (MPa) Ductility (%)

Mg-3Al-0.2Ce CastþHomogenized at 400 �Cþ Extrusion at 350 �C[282] 120 235 18
Mg-3Al-0.5Ce 125 230 20
Mg-1.11Zn-1.68Gd Castþ homogenized at 500 �C for 10 hþ Rolled at 430 �Cþ

annealed at 400 �C for 1 h (Tested in RD,
45� , TD, RD, 45�directions, respectively[17]

129.9 233.4 40.3
Mg-1.11Zn-1.68Gd 113.8 221.2 44.5
Mg-1.11Zn-1.68Gd 110.1 218.4 44.6
Mg-1.06Zn-2.74Gd 130.6 220.0 40.3
Mg-1.06Zn-2.74Gd 121.0 220.3 47.3
Mg-1.06Zn-2.74Gd 118.0 220.9 45.1
Mg-2Zn-0.4Ce Castþ Extruded at 310 �C[302] 190 255 18
Mg-2Zn-0.4Gd 125 220 26
Mg-2Zn-0.4Y 160 240 30
Mg-2Zn-0.4Nd 175 245 28
Mg-4Y-3RE As Received[304] 185 ± 12 261 ± 5 31 ± 1
Mg-4Y-3RE As Receivedþ T5[304] 270 ± 15 348 ± 6 16 ± 3
Mg-4Y-3RE Forged[304] 263 ± 7 311 ± 11 23 ± 3
Mg-4Y-3RE ForgedþAged at 210 �C/32 h[304] 318 ± 9 368 ± 10 17 ± 1
Mg-4Y-3RE ForgedþAged at 180 �C/60 h[304] 344 ± 11 388 ± 12 23 ± 1
Mg-4Y-3RE ForgedþAged at 150 �C/104 h[304] 286 ± 10 341 ± 4 28 ± 1
Mg-3.5Li-2Al-2RE Castþ Extruded[303] 95 190 22
Mg-5.5Li-2Al-2RE 140 235 23
Mg-8.5Li-2Al-2RE 100 150 32
Mg–8Li–1Al–1Ce Cast[305] 141 160 16
Mg–8Li–1Al–1Ce Castþ Extruded at 220 �C[305] 175 187 33
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recommend simulated CRSS as a promising parameter
for designing very ductile Mg-based alloys.[273]

4.1.2. Re-free magnesium alloys with
improved properties
While RE elements are excellent choices for Mg alloys,
particularly in terms of increasing the< cþ a> slip
activity and, thus, improving ductility, they are complex
to process, expensive, and unable to be recycled.
Hence, they are not entirely suitable for large-scale pro-
duction of Mg-RE-based alloys for various applications.
Therefore, there is renewed interest in finding alternate,
RE-free solutions to enhance the ductility of Mg.
Several alloying additions are known to contribute to

similar mechanisms and are viable as Mg alloy ele-
ments. These are discussed below.[12]

4.1.2.1. Mg-Sn-based alloys
Mg-Sn alloys are cost-effective and possess superior
mechanical properties, such as high ductility and strength,
owing to a large difference in solubility at eutectic and
ambient temperatures.[320,321] Several formulations created
by addition of other elements to Mg-Sn alloys, such as
Mg–5Sn–2Zn (TZ52), Mg–5Sn–2Zn–2Al (TAZ522), and
Mg–5Sn–5Al–1Zn–0.2Mn (TAZM5510) alloys, have been
studied, and their mechanical properties are given in
Figure 21. While the highest strength was seen in the
TAZM5510 alloy, the highest ductility of 30% was

Figure 19. Extruded microstructures of (a) Pure Mg and (b) Mg-0.5Ce and their corresponding pole figures in (c) and (d),
respectively.[307]
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observed in the TZ52 alloy (Mg-5Sn-2Zn). Despite the
sheet texture in all of the alloys, with the basal planes of
the crystals parallel to the rolling direction, the high duc-
tility of the Mg-5Sn-2Zn alloy was attributed primarily to
grain refinement. Furthermore, improvements in ductility
were also observed in other Mg-Sn alloys, such as the
Mg-8.32Sn-1.85Zn-0.17Mn (wt%) alloy, which shows
randomized texture, <cþ a> slip activity, and suppres-
sion of contraction twins.[322]

4.1.2.2. Mg-Zn-based alloys
Mg-Zn alloys such as ZK alloys, Mg-Zn-Ca alloys, etc.
have recently been demonstrated to have improved
strength and ductility.[323,324] Given the high solubility
of Zn in Mg at RT, it is typically expected that the
strengthening effects come from solid solution
strengthening of Mg. Furthermore, it has been
reported that the addition of trace amounts of alloying
additions, such as Zr and Ca, produced ultra-fine
grain sizes of <1 mm after thermomechanical treat-
ment.[324] The formation of secondary phases such as
Ca2Mg6Zn3 precipitates and Mg2Ca in Mg-Zn solid
solution suppresses the formation of basal texture by
pinning the grain boundaries and aiding in texture
randomization. The Mg-2Zn-0.6Ca (wt%) alloy dem-
onstrates an excellent elongation to failure of 30%
when tensile loaded along the extrusion direction due
to its weaker texture, the presence of fine precipitates
of Ca2Mg6Zn3 and refined grain size.

4.1.2.3. Mg-Ca-based alloys
Ca is one of the most effective alloying elements apart
from the rare earths for improving the ductility of
Mg.[12,325] Umer et al deeply investigated the effect of
0.5 wt% Ca on the mechanical properties of AZ31
magnesium alloy.[15] The results revealed that addition

of Ca lead to significant improvement in RT formabil-
ity at high and low punch speed as compared to the
AZ31 and several other Mg and Al alloys (Figure 22).
The microstructural characterization confirmed the
formation of (Mg,Al)2Ca intermetallic particles in
AZ31-0.5Ca, which reduced the basal texture intensity.
Moreover, IGMA and VPSC calculations revealed that
these alloying additions activated non-basal deform-
ation slip activity, such as prismatic slip activity, in
addition to basal< a> slip. The authors suggest that
this approach can help in eliminating typical steps
such as grain size reduction, texture engineering and
other steps related to microstructure control. Hence,
more research should be focused on this area to
enable highly ductile and strong magnesium alloys
doped with a tiny amount of inexpensive alloy-
ing additions.

4.1.3. Modified traditional magnesium alloys
Several commercial magnesium alloys, such as the AZ,
ZK, and AM series alloys, can be modified with the
addition of RE and other elements, such as Ca, Sn,
Zn, etc., to realize a broad range of properties.[326,327]

Fu et al. added the RE elements La and Sm and the
non-RE element Ca to a commercial AZ91 alloy to
study the effects these elements on the properties of
the AZ91 alloy.[326] These alloying additions led to the
formation of different secondary phases, such as
Al11La3, Al2Sm, and Al2Ca, all of which aided in refin-
ing the microstructure, eliminating the Mg17Al12
phase, and improving the tensile strength. While all of
those elements also improved ductility, the authors
reported a significant increase in ductility, to 26%,
with the addition of the RE elements Sm and La, as
shown in Table 9.[326] Similarly, Trang et al. reported
a modified RE-free alloy with the composition of Mg-
3Al-1Zn-1Mn-0.5Ca (wt%) (represented as
AZMX3110 in Figure 23) and demonstrated an
Erichsen index (IE) value of 8mm.[327] The IE value
measures the stretch formability of the material. The
IE values of traditional Mg alloys are given in Figure
23. Slight modification of traditional AZ31 alloys may
make it easier to adopt a new alloy due to its similar-
ity with the AZ31 alloy, which is commonly used in
the automotive sector. Careful design of Mg alloys is

Table 7. Tensile properties of Mg-RE alloys with LPSO structures.
Alloy (wt%) Processing condition YS (MPa) UTS (MPa) Ductility (%)

Mg–8.2Gd–3.8Y–1.0Zn–0.4Zr Castþ Solution treated at 510 �C for 12 hþ Rolled at 400 �CþAged at 225 �C[312] 331 436 17.8
Mg-2Zn-2Gd Gravity permanent mold cast[309] 71 135 5.5
Mg-6Zn-2Gd 89 170 4.5
Mg-2Zn-10Gd 119 146 1.5
Mg-6Zn-10Gd 116 144 1
Mg-10Er-2Cu Castþ homogenized at 450 �C for 24 hþ Extruded at 430 �C[313] 320 380 15

Table 8. Relative CRSS of deformation modes operating in
magnesium.[69]

Slip/Twinning Plane Direction Relative CRSS

Basal< a> 0002 11�20 1
Prismatic< a> 1�100 11�20 1–12
Pyramidal< cþ a> 11 �22 11�23 1–12
Extension twin 10�12 10 �11 1–4
Contraction twin 10 �11 10�12 –
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Figure 20. (a–c) Simulated stress-strain curves of Mg-(1-3)Y (at%) alloy on basal, prismatic, and pyramidal II planes at 0 K,
respectively.[273]

Figure 21. Engineering tensile stress-strain curves and (b) strain hardening rate of Mg-Sn alloys.[320]

Figure 22. Erichsen values of AZ31-0.5Ca (wt%) at different punch speeds in comparison to other Mg and Al alloys.[15]
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crucial such that the effects of grain refinement, solute
segregation, texture engineering, etc. are realized to
enhance ductility, while maintaining strength and
other useful properties.

4.1.4. Outlook
In this section, the ductility response of magnesium
alloys containing REs and other common alloying ele-
ments is discussed across a range of binary, ternary,
and complex alloys. The mechanisms of ductilization
of magnesium alloys, i.e., texture randomization,
reduction in the CRSS differences between basal< a>
slip and non-basal< cþ a> slip, solute segregation,
and precipitation, apart from grain refinement, are
broached. These mechanisms could serve as a guide
for future alloy design for improved ductility. It
should be noted that thermomechanical processing is
also crucial in improving the ductility of Mg alloys
and will be discussed in subsequent sections.
Furthermore, this section provides insight into the
most promising solutes and alloying elements that can
potentially accelerate the synthesis and design of
extremely ductile and formable Mg alloys.

4.2. Severe plastic deformation for enhancing
magnesium ductility

Among the various thermomechanical processes used to
modify the structural features and enhance the associ-
ated mechanical properties of Mg alloys, severe plastic
deformation (SPD) methods show very significant and
promising results. Through SPD processes, a large
degree of plastic deformation is introduced into a sam-
ple, mostly without any change in its dimensions, lead-
ing to a significant change in the structural and textural
features of the SPD-processed sample. With such proc-
essing methods, ultrafine- or even nano-grained struc-
tures surrounded by non-equilibrium GBs with a high
angle of misorientation (high angle grain boundaries,
HAGBs) can be achieved, as shown in Figure 24. In
addition to the structural modification, SPD methods
can also reduce the fraction of pores that are generally
observed after primary processing methods, like the
powder method. In terms of Mg alloys, SPD is generally
found to have a high capacity to control the texture and
enhance the ductility of these alloys. The most effective
SPD methods, including equal channel angular pressing
(ECAP),[328–333] high pressure torsion (HPT),[185,334–338]

accumulative roll bonding (ARB)[188–190,339,340] and dif-
ferential speed rolling (DSR),[206,341–345] and their role in
enhancing the ductility of Mg alloys will be presented in
the following sections.

4.2.1. Equal channel angular pressing (ECAP)
In ECAP, a specimen is subjected to shear deformation
when it is pressed through two intersecting channels
with the same cross-section (die) (Figure 25a).[346] The

Table 9. Tensile properties of modified AZ91 alloys with RE
and other alloying additions.[326]

Material YS (MPa) UTS (MPa) Ductility (%)

AZ91 186 335 17
AZ91-1.5Ca 176 320 23.5
AZ91-0.5Sm 156 308 25.5
AZ91-0.3La 180 330 26
AZ91-1.5Ca-0.5Sm-0.3La 177 312 13

Figure 23. Yield strength and Erichsen index (indicative of the stretch formability) of different Mg alloy sheets including the
recently developed TRC-AZMX3110, which exhibited excellent combination of formability and ductility. Image is reproduced with
permission from Ref.[327]
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nature of the shear deformation introduced by the
ECAP process and the structural features that evolve
from it are related to the die geometry, deformation
path, processing temperature, and number of ECAP
passes. For processing of Mg alloys by ECAP, elevated
temperatures should be employed to avoid fracture at
low temperatures. In this regard, various works have
reported on the structural evolution and mechanical
properties of Mg alloys subjected to elevated-tempera-
ture ECAP deformation.[173,333,348–353] Elevated-tem-
perature deformation leads to the activation of non-
basal slip systems, which in turn can enhance plasticity
during the processing and result in the formation of
fine DRXed grains.[199,333,351,353]

Regarding the ductility of Mg alloys subjected to
ECAP deformation, several works have shown insig-
nificant improvements in ductility as compared to
non-deformed or coarse-grained specimens. For
example, tensile tests carried out on WE43Mg alloys
deformed by ECAP at elevated temperatures of
285–335 �C showed that the ductility of the alloys
decreased with an increasing number of ECAP passes,
where a total elongation of 12% was achieved in the
alloy deformed by 8 ECAP passes as compared to an
elongation of �33% in the non-deformed sample

(Figure 25b).[333] This behavior is attributed to the
loss of strain hardening in the sample deformed by
ECAP (8 passes), which in turn is related to the for-
mation of a dense microstructure with a large number
of dislocations after ECAP deformation under the
employed conditions.

In order to improve the ductility by ECAP defor-
mations, processing parameters including processing
temperature and the number of ECAP operation, in
addition to the composition of the alloy, should be
controlled and oriented to increase the dynamic
recovery (DRV) rate of the material during deform-
ation and, hence, to reduce dislocation density. As
mentioned earlier, ECAP deformation of Mg alloys is
usually carried at high temperatures to avoid fracture
due to the lack of slip systems at RT. Here, one can
confidently state that the optimum selection of
deformation temperature is of significant importance,
as the temperature should be high enough to achieve
uniform plastic deformation without any fracture and
to increase the rate of DRV and reduce the dislocation
density without significant grain growth; all of these
factors together can lead to an enhancement of the
ductility of the processed alloy. He et al. investigated
the microstructure and related mechanical properties

Figure 24. Microstructural features and mechanical performance of metallic materials evolved after severe plastic deformation.
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of a ZK60Mg alloy subjected to ECAP deformation (4
and 8 passes) at 240 �C.[347] Their results showed that
ductility was improved in the sample after ECAP
deformation as compared to its coarse-grained non-
deformed counterpart (35% vs. 18%), and this was
attributed to the occurrence of DRV at the investi-
gated temperature (Figure 25c). The composition of
the Mg alloy can also influence DRV behavior during
ECAP deformation. In this regard, the manner in
which the alloy constituents change the SFE of Mg is

one of the key points that control the DRV rate and,
accordingly, alter the ductility of the alloy. For
example, alloys in which solute atoms increase the
SFE of the Mg matrix are expected to show a high
DRV rate during ECAP, where the high SFE leads to
less dislocation dissociation and, accordingly, to easier
dislocation climb and dislocation inhalation. In add-
ition to the processing parameters, the ductility of
ECAPed Mg can be improved through short-term
heat treatment at a specific temperature.

Figure 25. (a) Schematic illustration of ECAP process,[346] (b) Microstructure and tensile properties of WE43Mg alloy samples sub-
jected to 8-pass ECAP deformation at 285–335 �C. The OM, TEM and EBSD maps presented in this figure hows the evolution of
ultrafine grained structure with a high density of dislocations,[333] (c) TEM images and tensile properties of ZK60Mg alloy samples
subjected to 4- and 8-pass ECAP deformation at 240 �C.[347]

42 U. MASOOD CHAUDRY ET AL.



4.2.2. High-pressure torsion (HPT)
High-pressure torsion (HPT)[198,354–368] has been used
extensively to induce grain refinement in metallic
materials through severe plastic technologies, and
nano-grained metals have been fabricated using this
method. In HPT, a metallic material in the form of a
disk is simultaneously subjected to a hydrostatic force
(compression) and torsional straining by fixing the
disk between two anvils (Figure 26a). Under such
conditions, a large degree of plastic deformation can
be introduced into the materials, leading to significant
structural changes that are usually much more pro-
nounced as compared to those achieved by other SPD
methods. In addition to the large amount of shear
deformation which can be introduced by HPT, the
hydrostatic force prevents the occurrence of internal
cracks during deformation, and this leads to high RT
deformability of Mg alloys, and thus, to a significant
grain refinement.

Several studies have reported on the structural evo-
lution and related mechanical properties of Mg alloys
after HPT deformation.[369,370,372–375] One study
investigated the effect of HPT deformation at two dif-
ferent temperatures, RT and 150 �C, on the micro-
structure and superplasticity of an Mg-6Al (wt%)
alloy; the results showed the evolution of ultrafine-
grained (UFG) structures with a grain size of �
150 nm and 350 nm at RT and 150 �C, respect-
ively.[369] The UFG structure that evolved in the Mg-
9wt% Al alloy due to HPT deformation exhibited
high superplasticity (�810%) at low temperature
(200 �C) (Figure 26b). Despite the large number of
studies that have reported on the processing of Mg
alloys using HPT, very few have addressed the effect
of SPD deformation by HPT on the ductility of Mg
alloys; this fact is related to the small size of the sam-
ple (disk with �1 cm diameter) that can be deformed
using the HPT technique. Generally, HPT-deformed

Figure 26. (a) Schematic illustration of HPT process,[355] (b) Microstructure and related superplastic behavior of Mg-9Al (wt%) alloy
subjected to severe plastic deformation by HPT,[369] (c) Microstructure and tensile curves of Mg-4.7%Y-4.6%Gd-0.3%Zr (wt%) Mg
alloy samples subjected to HPT deformation,[370] (d) Microstructure and tensile curves of ZKX600Mg alloy samples subjected to
HPT deformation at RT followed by annealing at 300 �C for 1min.[371] The TEM image in (d) shows the as-HPT microstructure with
ultrafine grains (�0.1mm) and the EBSD map showing the microstructure with ultrafine grains (�0.77mm) achieved after the HPT
and annealing.
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Mg alloys are brittle, with a ductility of less than
5%,[370,376] which can be attributed to the low DRV
rate and the large dislocation accumulation, especially
when a Mg alloy is deformed at low temperatures
(Figure 26c). In order to improve the ductility of
HPT-processed Mg alloys without significantly reduc-
ing their strength, post-processing annealing is neces-
sary to reduce the dislocation density through a static
recovery (SRV) process. For example, high strength
and improved ductility (21%) were achieved in a
ZKX600Mg alloy after HPT deformation followed by
annealing at 300 �C for 1min (Figure 26d).[371] In
addition, HPT deformation followed by heat treatment
at 200 �C for 20min of a ZK60Mg alloy resulted in
improved ductility (�21.5%).[377]

4.2.3. Accumulative roll bonding (ARB)
ARB is a rolling-based SPD method that includes vari-
ous processing stages, including rolling, cutting, stack-
ing, bonding and rolling again. By repeating those
stages, a large degree of plastic deformation can be
introduced into a sheet sample with no changes in its
thickness (Figure 27a).[188] A very early work by Perez
et al. reported on the structural evolution and mech-
anical properties of AZ Mg alloys processed by
ARB.[378] Those authors showed that grain size and
grain distribution are mainly influenced by the num-
ber of ARB passes and the Al content of the alloy. To
enhance bonding ability during ARB processing, ele-
vated temperatures are usually used, but low tempera-
tures are favorable when considering grain refinement
as ARB processing at elevated temperatures can

induce DRX and the growth of DRXed grains.[379]

Microstructural homogeneity in the thickness direc-
tion of the processed sheet is also related to ARB
processing since ARB is a rolling-based method.
Schwarz et al. investigated the through-thickness
microstructural homogeneity of ARB-deformed Mg
alloys in an AM20 alloy (Figure 27b).[188] This work
revealed that a reasonable degree of microstructural
homogeneity can be achieved after three ARB cycles
at 300 �C. On the other hand, under these conditions,
the ductility of the alloys was dramatically reduced,
and this was attributed to the formation of oxide
layers in the interfaces due to the elevated processing
temperature and the evolution of strong basal texture.
Accordingly, a lower processing temperature should
be used to avoid the formation of oxide materials
within the alloy. On the other hand, the lower tem-
perature results in a reduction of the DRV rate, lead-
ing to dislocation accumulation, and, finally, to a
reduction in the ductility of the ARBed alloy. Here, it
is worth noting that, to enhance ductility with the
ARB process, various competing factors need to be
considered, such as work hardening and grain refine-
ment on one hand and DRV and interfacial oxidation
layers on the other. Since low-temperature deform-
ation prevents oxidation but also reduces the DRV
rate and bonding-ability, a two-stage processing
technique may be useful, in which warm ARB
deformation, to ensure less oxidation and higher
bonding-ability, is followed by heat treatment at spe-
cific temperatures for short time periods in order to
reduce the dislocation density. In addition, proper

Figure 27. (a) Schematic illustration of ARB process, (b) Microstructure and tensile behavior of AM20Mg alloy sheets fabricated by
1-pass, 2-pass, and 3-pass ARB process.[188]

44 U. MASOOD CHAUDRY ET AL.



surface preparation and brushing before stacking and
re-rolling of the sheet during ARB can also prevent
the formation of oxides within the ARB-fabri-
cated sheet.

4.2.4. Differential speed rolling (DSR)
Among the SPD methods, DSR is the only process in
which the dimensions of the specimen change after
deformation.[211,380–382] During DSR, metallic sheets

are rolled using two identical rolls that rotate at dif-
ferent speeds (with the difference referred to as the
roll speed ratio), leading to a reasonable amount of
shear deformation introduced throughout the thick-
ness of the sheet (Figure 28a).[196] Indentations cre-
ated throughout the thickness of a sheet before DSR
deformation have been used to measure shear strain
and its distribution during DSR (Figure 28b).[383] The
deviation of the marks proved the capability of DSR

Figure 28. (a) and (b) Schematic illustration of DSR[196] and the DSR strain calculations carried out by the deviation of indentation
marks,[383] respectively, (c) EBSD maps, grain misorientation distributions and mechanical properties of IF steel sample deformed
by DSR and ESR processes,[384] (d) Microstructure, texture, and the related mechanical properties of AM31Mg alloys sheets
deformed by DSR process at various roll speed ratios (1:1, 1:1.2, and 1:1.5),[380] (e) Microstructure, texture, and the related mechan-
ical properties of AZ31Mg alloys sheets deformed by DSR process using two routes A (no rotation between successive passes) and
route D (180� rotation around the rolling direction of the sheet).[206]
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to introduce an additional degree of deformation as
compared to the equal speed rolling process (ESR)
(conventional rolling).

Shear deformation and its distribution contribute
more effectively to the microstructural evolution and
texture modification of metallic sheets treated with
DSR as compared to those deformed by ESR. Hamad
et al. reported the microstructural features and mech-
anical properties of IF steel sheets deformed by DSR,
with a roll speed ratio of 1:4, vs. sheets treated with
ESR (1:1) under the same thickness reduction, rolling
temperature (75%, RT), and number of passes (4)
(Figure 28c).[384] This work showed that, under the
employed conditions, DSR severely deformed the IF
steel sheets, leading to ultrafine-grained structure
(�0.4mm) surrounded by HAGBs and to high
strength (�800MPa). Based on the structural features
and the mechanical properties of DSR-deformed met-
als, and due to the reduction in thickness, the authors
suggested that DSR can be considered an SPD-like
process. In addition, owing to the open-die nature of
this process (two rolls), the heat generated during
DSR due to plastic deformation and the friction
between the rolls and sheets is readily exchanged with
the atmosphere, resulting in a lower DRV rate as com-
pared with other SPD methods and thus a higher accu-
mulation of dislocation.[385,386] Such behavior was used
to explain the higher capability of DSR for enhancing
the strength of metals as compared to ECAP under the
ultrafine grain size.[386] Several works have been carried
out to investigate the effect of DSR deformation on the
microstructure, texture and mechanical properties of
metals and their alloys, including Fe,[383,387–391]

Al,[392–396] Cu,[397,398] Mg,[165,166,212,399–403] and
Ti.[404–407] Most of these works reported a significant
improvement in the strength of the deformed materials
as compared to their non-deformed counterparts, which
was always attributed to grain refinement (Hall-Petch
hardening) and dislocation accumulation (work harden-
ing). As seen with other SPD methods, this improve-
ment in strength due to DSR deformation usually
coincides with poor ductility; hence, DSR deformation
should be followed by annealing to enhance ductility.

Interestingly, DSR exhibits a great deal of potential
for the processing and fabrication of Mg alloys with
both high strength and enhanced ductility, and this
effect can largely be achieved without any further heat
treatment.[206] This is because of the capacity of DSR
to reduce the intensity of the strong basal texture that
evolves after the conventional rolling process. The
through-thickness microstructural homogeneity which
can be achieved by DSR processing is another factor

contributing to ductility improvement. These factors,
texture weakening, and microstructural homogeneity
are controlled through DSR processing parameters
such as roll speed ratio. For example, Chang et al.
investigated the effect of roll speed ratio (1:1, 1:1.2,
and 1:1.5) on the texture evolution of an AM31Mg
alloy deformed by DSR at 300 �C, and revealed that
DSR processing at a roll speed ratio of 1:1.5 resulted
in a weaker basal texture as compared to the other
speed ratios, leading to improved ductility under these
conditions (Figure 28d).[380] In addition, the basal tex-
ture characteristics are influenced by other parame-
ters, such as DSR temperature,[165,341] total thickness
reduction,[167,408] thickness reduction per pass,[409]

and number of operations.[393] Most previous studies
did not consider the effect of structural homogeneity
on ductility. Hamad and Ko reported on the effect of
DSR route on microstructural homogeneity and tex-
ture characteristics of AZ31Mg alloy sheets deformed
at a roll speed ratio of 1:4, total thickness reduction of
50% (two passes) and rolling temperature of
150 �C.[206] The results showed that the DSR deform-
ation using route D, in which the sheet is rotated by
180� around its rolling direction between the two
passes, resulted in a homogeneous fine-grained struc-
ture (�1.2 mm) with a weak basal texture (Figure 28e).
The evolution of this structure was found to enhance
the ductility of the AZ31Mg alloy sheet as compared
to that of the sheet deformed by the route in which
no rotation was applied between successive passes.

4.3. Magnesium composites

Magnesium matrix composites, another emerging class
of magnesium-based materials, provide a unique
opportunity to tailor the properties, such as strength,
ductility, surface reactivity, thermal properties, etc., of
the matrix through the selection of reinforcement.
These materials are lightweight, generally nontoxic,
and abundantly available, and hence have the poten-
tial to provide an all-in-one solution to material
design problems through minor alterations of their
chemistry. Over the past two decades, a significant
amount of research has been done in the domain of
magnesium composites, particularly relating to their
mechanical behavior. The design, development and
applications of magnesium matrix composites rely on
some crucial factors:

i. Primary and secondary processing techniques
used to synthesize the composites.
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ii. Post-processing treatments such as annealing,
aging, etc.

iii. Compatibility of the matrix (pure magnesium or
a magnesium alloy) and reinforcement.

iv. Characteristics of reinforcement type, morph-
ology, shape, amount, length scale and spatial
distribution.

v. Interfacial integrity of matrix reinforcement.

These composites are designed based on global
parameters such as particle volume fraction, particle
shape, average size and orientation which serve as var-
iables in the study of the overall strength, ductility
and fracture toughness of the composites.[410]

Traditionally, metal matrix composites are notorious
for their very limited ductility due to the presence of
reinforcements of micron and sub-micron length
scales. Reinforcements, depending on their size and
shape, typically act as crack initiation sites for several
reasons, such as matrix-reinforcement decohesion,
particle breaking, particle clustering/agglomeration,
inhomogeneity in the matrix, etc. In this section, the
ductility of magnesium matrix composites with both
micro- and nano-scale reinforcements is broached. To
promote an understanding of the deformation mecha-
nisms and the ductility of the composites, in this art-
icle, the magnesium matrix composites are classified
into different subsections based on reinforcement
type, i.e., ceramic-based, carbon-based, and metal-
based, with each subsection addressing both micro-
and nano-composites.

4.3.1. Composite fabrication and process-
ing parameters
Fabrication of Mg matrix composites necessitates the
use of refined processing technology compared to that
used to make Mg alloys to ensure uniform dispersion
and homogeneity of reinforcements in the matrix.
Over the years, several techniques have been specific-
ally developed for the synthesis of magnesium micro-
and nano-composites. These can be broadly classified
into (i) liquid-state and (ii) solid-state processing tech-
niques are briefly discussed below.

4.3.1.1. Liquid-state processing techniques
4.3.1.1.1. Disintegrated melt deposition (DMD).
Disintegrated melt deposition (DMD) is a processing
technique designed to synthesize lightweight metals
such as Al and Mg, their monolithic alloys and com-
posites. To synthesize composites, the matrix material
(pure Mg or Mg alloy), in the form of chips or
chunks, is added to a graphite crucible along with

reinforcement particles in a sandwich pattern to
ensure a homogenous presence of reinforcement par-
ticles in the matrix. These raw materials are super-
heated in an electric resistance furnace to a
temperature of 750 �C under an inert argon (Ar)
atmosphere, then the mixture of melt and reinforcing
particles is mechanically stirred using a motor at a
predefined speed (typically � 450 rpm). After being
stirred, the molten slurry is released through an orifice
located at the base of the crucible. While the melt is
being discharged, it is subjected to disintegration by
two jets of Ar gas oriented normal to the melt flow
direction.[411] This disintegrated melt stream is then
deposited onto a steel mold, as depicted in the sche-
matic (Figure 29). Typically, the ingot produced as a
result of this technique is heat treated and hot
extruded. This unique technique offers the compound
merits of both spray processing and stir casting tech-
niques as it comprises vortex mixing of reinforce-
ments and the deposition of molten slurry onto a
metallic substrate after disintegration by jets of inert
gases. It also has advantages over conventional spray
deposition processes, such as lower impinging veloc-
ities and moderate superheated temperatures, which
aid in attaining a bulk composite material with abso-
lutely no overspray powders. Therefore, this process
offers metallurgical and other benefits, such as (i) pro-
duction of finer-grained structures; (ii) lower or no
segregation of reinforcements like spray processes;
and (iii) simpler and more cost-effective compared to
traditional stir cast processes. Hence, DMD is one of
the most promising methods of fabricating Mg-based
micro- and nano-composites. It should be noted,
however, that this technique is viable for production
of Mg nanocomposites with only < 3 vol% nanopar-
ticles as reinforcements. Addition of a higher content
of nanoparticles to the matrix via this technique
results in agglomeration of the particles in the matrix,
leading to premature failure of the materials under
mechanical loads.
4.3.1.1.2. Ultrasonic assisted casting. Ultrasonic-
assisted casting is another excellent method of synthe-
sizing Mg composites; it employs an ultrasonic probe
to produce ultrasound waves, which result in acoustic
streaming and cavitation in the molten slurry.[412]

This method was specifically designed to improve
reinforcement dispersion in the matrix of Mg nano-
composites. Figure 30a shows a schematic illustration
of typical ultrasound processing of Mg composites.
This technique inherits the advantages of acoustic
streaming, which aids in facilitating robust convection
and therefore conveying the discharged particles in
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the melt, and cavitation for improved reinforcement
dispersion effects. It employs transient (on the order
of nanoseconds) micro-hot spots that can reach
extremely high temperatures (�5000 �C), heating and
cooling rates (> 1010 �C/s) and pressures (> 1000

atms). Such strong conditions aid in breaking the
clusters of nanoparticle agglomerates. Hence, it is par-
ticularly useful for de-agglomerating particle clusters
and wetting of particles. Various matrix and reinforce-
ment combinations of Mg alloy nanocomposites, such

Figure 29. Disintegrated melt deposition technique.[411]

Figure 30. (a) Ultrasonic processing for nanoparticles feeding and dispersion,[412] and (b) Vacuum evaporation for concentrating
nanoparticles in magnesium.[413]
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as AZ31, AZ91, Z4, Z6, ZC63, ZC71, etc., have been
produced using this method.

This method is also suitable for Mg nanocompo-
sites with a lower volume fraction of reinforcements.
However, recently, a simple procedural modification
was demonstrated that incorporates the concept of
melt vaporization to realize a Mg nanocomposite with
up to 14 vol% nanoparticles uniformly dispersed in
the matrix (Figure 30b).[413] Using ultrasonic process-
ing followed by melt evaporation, a Mg-Zn melt was
incorporated with 14 vol% SiC nanoparticles. As a
result of this type of processing, SiC nanoparticles
self-stabilized in the Mg melt. This was attributed to
the synergistic effects of (i) higher thermal energy of
nanoparticles; (ii) lower van der Waals forces among
the particles in the Mg melt, and (iii) increased wett-
ability of the nanoparticles in the molten Mg, result-
ing in an increased energy barrier that prevented
nanoparticle sintering.
4.3.1.1.3. Recent advances in liquid-state processing.
Recently, there have been advances in the processing
of Mg nanocomposites, with the emergence of new
techniques such as in-situ synthesis techniques. In-situ
synthesis refers to the synthesis of nanoparticles dur-
ing processing as a result of a predetermined sequence
of chemical reactions. This in-situ evolution depends
on the thermodynamic reactions between the matrix
and reinforcements and the kinetics of the reactions.
A reaction is favorable in the presence of a reactive
matrix-reinforcement combination if it is thermo-
dynamically favorable for the reaction to happen at
processing temperatures, such as 750 �C. Tekumalla et
al. demonstrated that the addition of ZnO to a react-
ive Mg-Y matrix in a Mg-1.8Y/1.53ZnO nanocompo-
site led to the release of new Y2O3 nanoparticles and

formation of a Mg-Zn secondary phase in the matrix.
Thus, reactive alloying elements, like Y, Ca, Th, Sm,
etc., which are more reactive than Mg at processing/
elevated temperatures can be employed such that they
react with reinforcements in the matrix. Further cer-
amic reinforcements, such as CeO2, La2O3, ZnO,
Al2O3, and so on, can be chosen as they dissolve in
the matrix and release ions that react with the alloying
elements in the matrix to form stable in-situ nanopar-
ticles. The thermodynamic feasibility of these reac-
tions can be understood from the Ellingham diagram,
which is shown in Figure 31. This process results in a
better distribution of nanoparticles compared to con-
ventional casting techniques, in which homogeneous
dispersion of nanoparticles remains a challenge.
However, this process is still in the nascent stages of
development and further research is needed to under-
stand the kinetics and thermodynamics of in-situ
reactions, which eventually dictate the microstructure
and properties of the resultant materials. Thus, this
process has opened up a large window for the
research community in the domain of magnesium-
based materials.

Other advanced techniques such as additive manu-
facturing processes are being explored for synthesis of
Mg alloys; these remain viable future directions of
research into the synthesis of Mg composites.

4.3.1.2. Solid-state processing techniques
Solid-state processing techniques typically constitute
traditional powder metallurgy techniques that involve
blending of Mg and reinforcement powders, compac-
tion of the powders to a billet and then sintering.
This blend-press-sinter approach is depicted in Figure
32.[414] In the first stage, the metal powder is

Figure 31. Ellingham diagram showing the thermodynamic stabilities of different oxides. It can be noticed that the formation of
oxides of Ca, Y, and Tm is more favorable than the formation of MgO at any temperature as it lowers the free energy of
the system.

CRITICAL REVIEWS IN SOLID STATE AND MATERIALS SCIENCES 49



mechanically blended with the reinforcement particles
for a standard amount of time. Following the blend-
ing, the powder mixture is consolidated to a green
compact. This green compact is then sintered using
traditional sintering techniques or new hybrid micro-
wave sintering techniques. Microwave sintering is an
extremely promising technique for sintering of Mg-
based nanocomposites that results in a � 90% reduc-
tion in processing time and energy consumption. One
of the advantages of the solid-state approach is the
ability to use multiple reinforcements, and this
approach is not limited by the wettability of reinforce-
ments in the matrix. However, one cannot synthesize
complex parts using this technique. Also, there are
challenges regarding the handling of reactive metal
powders. In most cases, following the primary solid/
liquid-state processing techniques, the obtained ingot/
billet undergoes secondary (wrought) processing such
as hot extrusion, rolling, forging, etc. These secondary
processes aid in minimizing casting defects such as
porosity, refining microstructures, improving the dis-
tribution of secondary phases and reinforcement of
the Mg matrix and, lastly, breaking down the agglom-
erates of nanoparticles that form during casting. It is
worth noting that, while several methods have been
developed to synthesize Mg composites, composite

technology has not yet been industrialized due to lim-
itations in scaling up of the fabrication process to an
industrial setting. Some factors limiting industrial scal-
ability include inhomogeneity in the dispersion of
nanoparticles, reactions between matrix and reinforce-
ment, particle agglomeration, and uncontrolled distri-
bution of the particles in the matrix. This is an
interesting direction of research and development for
the scientific community, and is essential to truly real-
ize the potential of Mg composites to the fullest.

4.3.2. Magnesium/ceramic particle composites
Ceramic particles are excellent reinforcements to
metallic matrices that can improve the specific
strength and stiffness of a matrix. Mg has been rein-
forced with several micro- and nano-sized particulate
reinforcements , including oxides (Al2O3, Y2O3, ZnO,
TiO2), nitrides (BN, AlN, TiN, ZrN), carbides (B4C,
SiC, TiC, ZrC), and borides (TiB2, ZrB2).

[415,416] The
addition of ceramic particles during synthesis and
processing of nanocomposites results in a differential
cooling rate from processing temperatures to RT due
to the stark difference in the coefficient of thermal
expansion and contraction of ceramic particles as
compared to the Mg matrix. These varying coefficients
of thermal contraction result in a mismatch in the
coefficient of thermal expansion (CTE) and elastic
modulus (EM) between the reinforcements and the
metal matrix and is accommodated during material
cooling by formation of geometrically necessary dislo-
cations (GNDs).[417] These GNDs, formed as a result
of cooling, play an influential role in the behavior of
the Mg nanocomposites. The CTE values of Mg and
different ceramic reinforcements are given in Table
10[419]. The CTE of most ceramics differ from that of
Mg by an order of � 4–10. The microstructures of
various ceramic reinforced micro- and nano-compo-
sites are given in Figure 33a[418] and Figure 33b.[419]

An incoherent interface as a result of a mismatch in
CTE is shown in Figure 33b, in a Mg/Y2O3

nanocomposite.

Figure 32. Blend-press-sinter-post process flow chart.[414]

Table 10. Coefficient of thermal expansion (CTE) values of dif-
ferent metals, ceramics and other reinforcements at 25 �C.[422]

Material
Coefficient of thermal

expansion at 25 �C (� 10�6 K�1)

Mg 24.8
ZnO 2.92
CaO 12
Y2O3 7
Al2O3 8.1
SiC 2.77
Al3N2 5.3
Fe 10.4–12
Al 21–24
Ti 8.5–9
Y 10.6
Ca 22.3
Graphite (C) 4–8
Diamond (C) 1.1–1.3

50 U. MASOOD CHAUDRY ET AL.



Besides pure magnesium as a matrix, these ceramic
particles have also been used as reinforcements in dif-
ferent magnesium alloys, such as AZ31, AZ91, ZK60,
El21, Mg-Y, Mg-Zn, Mg-Al, Mg-Ca, etc. The resultant
materials benefit from the synergistic effects of nano-
particles and alloying elements. Their effects on duc-
tility will be discussed in the following sections.

4.3.3. Magnesium/carbon-based particle composites
Recently, there has been a spike in interest in the use
of carbon-based particles, such as graphene nanoplate-
lets (GNP), carbon nanotubes (CNT), carbon black,
nano-diamonds, etc., as reinforcements to Mg matrix
due to their tremendous potential for enhancing the
strength of the matrix and reducing the weight of Mg.
Figure 34 shows the microstructure of a Mg matrix
with CNT and GNP reinforcements.[420,421] As seen in
Table 10, the CTE of these reinforcements is lower
than that of Mg by an order of about 10, which leads
to generation of GNDs due to the mismatch in the
CTE around the matrix-particulate interface. It should
be noted that these carbon-based particles are typically
added in nano-size only, and to our knowledge no
attempts have been made to add micron-sized carbon-
aceous particles to Mg.

4.3.4. Magnesium/metallic particle composites
In addition to ceramic and carbon reinforcements,
metallic particulates such as Ti, Fe, Al, Mo, Cu, Ni,
etc. have been used as metallic reinforcements to

Mg.[423–426] Figure 35 shows a micrograph of a Mg/
15Ti micro-composite. Recently, high-entropy alloys
with a combination of metallic materials and shape
memory alloys such as NiTi have also been explored
as reinforcements to improve the mechanical perform-
ance of Mg composites.[427] Lastly, hybrid materials
with a combination of metallic and ceramic reinforce-
ments have also been studied to realize the best com-
bination of properties of Mg composites. Interestingly,
several metallic reinforcements (such as Ti, Fe, and Y)
have CTE values much lower than that of Mg.

4.3.5. Mechanical properties of magne-
sium composites
With the addition of micron-size reinforcements, it
was generally observed that, while these reinforce-
ments assist in improving the elastic modulus and
mechanical strength of the composites, they generally
lead to a substantial reduction in the ductility (by up
to 80%) of the Mg matrix due to particle cracking and
void formation at particle-matrix interface, leading to
accelerated failure.[428] This is because micron-size
reinforcements have a higher probability of containing
fracture-initiating defects due to their larger size, mak-
ing particle fracture more prevalent. Secondary proc-
essing such as extrusion is often used to improve the
properties of composites by further consolidation of
the composite and homogenization of the distribution
of reinforcements, but such techniques may further
increase the likelihood of particle fracture.[428] In the

Figure 33. Microstructure of magnesium composites with (a) micro-ceramic (SiC) particles,[418] and (b) nano-ceramic (Y2O3) par-
ticles in pure Mg matrix.[419]
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case of Mg nanocomposites, the addition of nano-
reinforcements was revealed to aid in improving the
mechanical properties of Mg; nano-reinforcements are
far superior to micron-sized reinforcements, without
having any adverse effects on ductility.[411,417,429]

Figure 36 shows a complete picture of different rein-
forcements to Mg and their effects on yield strength
and ductility.[411] It is clear that the addition of cer-
amic nano-sized reinforcements is an attractive
approach to improving the mechanical properties
without substantially affecting the ductility of Mg.

Furthermore, several articles have reported the pos-
sibility of improving the ductility of nanocomposites
with the introduction of nanoparticles. The factors
that influence the ductility of Mg composites are
detailed below.

4.3.5.1. Ductility improvement through grain refinement
Grain refinement is one of the most well-substantiated
methods of improving the ductility of most metals,
including Mg-based materials. The ductility of a
material can be improved when homogeneity during
plastic deformation is established and stress concen-
tration sites and other defects are eliminated. In the
case of magnesium, owing to its HCP crystal struc-
ture, the plastic deformation ought to be homogenous
when the five independent slip systems (basal and
non-basal) are activated, in order to satisfy von
Mises’s criterion.[430] In the presence of coarse grains,
deformation twinning is easily activated at high
strains, leading to inhomogeneity in the deformation
and, hence, premature fracture at moderate tempera-
tures. With a refinement in the grain size, the

Figure 34. Magnesium matrix with (a) graphene nanoplatelets (GNP) reinforcement with an interplanar distance of 0.34 nm[420]

and (b) carbon nanotubes (CNT) reinforcements.[421]

Figure 35. Micrograph of a Mg/Ti micro-composite.[427]
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resultant increased grain boundary area in the matrix
allows for the homogenous distribution of stress con-
centration at boundaries/triple junctions, suppressing
the activation of contraction twins and increasing the
non-basal (<cþ a>) slip activity, thereby imparting
ductility at lower temperatures.[431] Hence, the grain
size-dependence of ductility is attributed to the com-
petition between contraction twinning
and< cþ a> slip, both of which accommodate com-
pression along the c-axis for basal textured polycrys-
talline Mg.[93,432] Thus, despite the basal texture of
Mg, refinement of grain size aids in improving the
ductility.[433,434] However, it may be noted that this
may not be valid in ultrafine-grained materials, with
grain sizes on the order of submicron or lower. This
is because the efficiency of storing dislocations is low
in ultrafine grains, particularly alongside dynamic
recovery, leaving the material susceptible to plastic
instability/necking. This, in turn, limits the desirable
homogenous elongation. To get around this, an alter-
native method of refining grain size has been identi-
fied. This route involves imparting bimodal grain
characteristics, i.e., a distribution of ultrafine grains
alongside a few coarse grains. While the ultrafine
grains ensure the activation and homogenous distribu-
tion of non-basal slip, the coarse grains assist in
increasing strain hardening, which sustains useful uni-
form deformation at higher strains through grain

boundary sliding.[435] Thus, the presence of bimodal
grains is useful to impart both high strength and uni-
form elongation in a material.[436] However, as shown
in Figure 37, while grain refinement does have a pro-
nounced effect on ductility, it is not the only factor
that influences the ductility of Mg nanocomposites. It
must be combined with other factors discussed in the
following sections, as there is no general relationship
between grain size and ductility among different
Mg composites.

4.3.5.2. Ductility improvement by texture weakening
As discussed in the earlier sections, weakening of tex-
ture is a promising route to high ductility in Mg com-
posites.[437,438] Creating a strong non-basal texture,
e.g., by placing most of the grains in the ideal orienta-
tion with the basal plane tilting 45� from the tensile
axis, has not been possible so far. There have been
several reports demonstrating the ability of nanopar-
ticles to weaken the fiber/basal texture of otherwise
strongly textured magnesium by randomizing the
grain orientations.[433,439] In the weakened texture, a
portion of grains rotate to the direction far from the
fiber texture and, hence, possess high Schmid factors.
Recently, a ductility as high as 36% was reported in a
Mg-1.8Y/1.5Y2O3 nanocomposite. This value is on par
with that of commercial Al alloys and mild steels and
is far superior to that of most Mg alloys and

Figure 36. Bubble chart illustrating the tensile yield strength and ductility for magnesium matrix composites.[411]
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composites[411] (Figure 38). To attain such a high
ductility, the weakened texture plays a dominant role
over other factors such as grain refinement. While
the alloying element Y did contribute to the weak
texture of the nanocomposite, the presence of nano-
particles weakened the texture further, as seen in
Figure 38d, which shows the lowest texture strength
in the nanocomposite. This is attributed to the alter-
ation of deformation activity owing to the interac-
tions between nanoparticles and dislocations, which

bring about an improvement in hardening behavior
as well as uniform elongation, as evidenced by the
tensile stress-strain curves. This contributed to an
increase in slip activity, hence enhancing the ductility
of the nanocomposite.[439] Similar texture weakening
was induced by other nanoparticles, such as
ZnO,[439] CaO,[325] GNPs,[440] CNTs,[441] B4C,

[442]

etc. Thus, nanoparticle-induced texture weakening
mediates a tremendously useful increase in ductility
in Mg matrices.

Figure 37. Influence of grain size on the ductility of magnesium nanocomposites.

Figure 38. Influence of texture induced by Y2O3 nanoparticles on the ductility of a magnesium nanocomposite. (a) Tensile stress-
strain curves demonstrating a ductility > 35 % in Mg-1.8Y/1.5Y2O3 nanocomposite; Inverse pole figures from x-ray texture for (b)
pure Mg; (c) Mg-1.8Y alloy; and (d) Mg-1.8Y/1.5Y2O3 nanocomposite, with radial direction (RD) being the projected direction.[433]
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4.3.5.3. Ductility improvement through alleviation
of micro-strain
Another factor that potentially contributes to the
ductilization of Mg nanocomposites is alleviation of
micro-strain. The micro-strain of a material is typic-
ally the sum of the elastic and plastic internal strains
in the nanocomposites. Recently, Tekumalla et al.[443]

estimated the elastic internal strain from XRD and
the plastic strain with KAM, as depicted in Figure
39, which together provide an indirect measure of
the geometrically necessary dislocations (GNDs) in
the material. It is often known that the presence of
lower dislocation density leads to a lower micro-
strain (lower KAM value), resulting in a high ductil-
ity. Composites typically exhibit a much higher
micro-strain owing to the generation of dislocations
due to a mismatch in the CTE values of the matrix

and reinforcements. A higher CTE differential indi-
cates an increased dislocation density, one of the
root causes of inhomogeneous deformation in a
material. This is because more concentrated disloca-
tion zones act as stress concentration sites for crack
initiation and premature failure.[443] From the KAM
plots, it is evident that addition of CaO and Y2O3

nanoparticles to a Mg-1.8Y matrix resulted in a
higher micro-strain than that seen in Mg-1.8Y alone,
but lower than that of pure Mg (based on the shift
in the peaks). The increased micro-strain results in a
substantial increase in the strain fields around the
nanoparticles. To alleviate micro-strain in nanocom-
posites, it is necessary to carefully choose reinforce-
ments that exhibit a lower CTE differential, i.e., CTE
closer to that of the magnesium matrix, such that
they result in lower GND generation.

Figure 39. Schematics representing the micro-strain (elastic and plastic components) in magnesium nanocomposites. (a) Elastic
micro-strain from X-ray diffraction; Plastic micro-strain as observed from the Kernel Average Misorientation (KAM) plots of (b) Mg-
1.8Y/1CaO nanocomposite[443]; and (c) Mg-1.8Y/1.5Y2O3 nanocomposite.[433,443]
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4.3.5.4. Improving ductility through control of size,
morphology and amount of reinforcement
As discussed in Section 4.3.5, the addition of micron-
sized reinforcements is detrimental to the ductility of
composite materials. For further elucidation, the frac-
tured surfaces of micro-composites are shown in
Figure 40. Particle cracking and void formation at the
particle-matrix interface are predominant in micro-
composites, leading to accelerated failure as in the
case of Mg-(5.6Tiþ x-B4C)BM composites[442] with a
ductility of about 8% and TAp/ZK51 composites with
a ductility of about 5.6%.[444] The fracture surfaces in
Figure 40 reveal the failure mode of the matrix; sev-
eral small dimples and tearing edges, particulate frac-
ture and Ti particle debonding attributed to a lack of
chemical bonding at the Mg/Ti interface and load
transfer from matrix to reinforcement are evident. In
comparison, a Mg-3Al-0.4Ce/2ZnO nanocompo-
site[300] that exhibits a moderate ductility of 18%

shows a dominant dimple mode of failure (Figure
40d), thus demonstrating the potential of nanopar-
ticles over micro-particles for improving the ductility
of the Mg matrix.

However, another concern with nanoparticles, par-
ticularly ceramic nanoparticles, is their high surface
reactivity, which leads to the formation of micro-clus-
ters and agglomerates due to the attractive van der
Waals forces between nanoparticles.[445] These
agglomerations of nanoparticles form clusters on the
sub-micron to micron scale, as shown in Figure 41,
which hamper the strength and ductility of the nano-
composites.[434] Furthermore, it is generally observed
that addition of higher amounts of nanoparticles to
the Mg matrix results in poor ductility of the compos-
ite. This is because of the surplus load transferred
from the matrix to the reinforcement particles, result-
ing in particle-initiated failure. Hence, it is recom-
mended that nanoparticles with volume fractions of

Figure 40. Representative tensile fracture surfaces of (a) Mg/5.6Ti, (b) Mg/(5.6Ti þ 0.5B4C), and (c) high magnification image show-
ing Mg-matrix cracking extending into Ti-particle in Mg-(5.6Ti þ 2.5B4C) composite,[442] (d) Fracture surface of Mg-3Al-0.4Ce-2ZnO
nanocomposite.[300]
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<3% are used as reinforcements to the Mg matrix to
attain high ductility.

To evade the problem of agglomeration and quasi-
cluster formation, Chen et al.[434] described a nanopar-
ticle self-stabilization mechanism based on three major
factors: a good wetting angle between SiC and molten
Mg, a small attractive van der Waals potential between
SiC nanoparticles in molten Mg, and a high thermal
energy during processing, such that SiC nanoparticles
overcome the van der Waals attraction in molten Mg
and break free from their attraction to one another,
resulting in homogenous dispersion of nanoparticles in
the Mg, as evident from Figure 42.[413] This thermally
activated dispersion and self-stabilization mechanism is
a potential new pathway to achieving a uniform disper-
sion of dense nanoparticles in liquids when repulsive
forces are not available through conventional methods.

Furthermore, other factors, such as interfacial bonding
between the matrix and reinforcement, also affect the duc-
tility. This is because, when a nanocomposite is stressed,
load transfer from the matrix to the reinforcement occurs
based on the Shear lag model,[446] which largely relies on
the matrix-reinforcement interface. Hence, particles with
good wettability, adhesion and interfacial bonding assist in
imparting ductility to the composite.[446]

4.3.6. Strength-ductility synergy in magne-
sium composites
Magnesium matrix nanocomposites (MMNCs) are gener-
ally defined as materials that demonstrate extraordinarily
increased strength without significantly compromising
ductility due to the presence of nanoparticles that promote
dislocation looping and resist immediate failure.[411,447]

While texture weakening and alleviation of micro-strain
aid in improving ductility, the two mechanisms are detri-
mental to the strength of the Mg composites. Hence, it is
imperative to establish a synergy between strength and
ductility in Mg composites. Recently, Tekumalla et al.[443]

achieved an extraordinary combination of strength and
ductility in a Mg-1.8Y/1CaO nanocomposite, as shown in
Figure 43. The authors attributed the high ductility to the
weakened texture and refined grain size, which are a result
of the addition of the alloying element and nanoparticles.
It should be noted that grain refinement is one of the
only mechanisms that contributes to a simultaneous
improvement in strength and ductility in Mg-based mate-
rials. The authors also attributed the tremendous improve-
ment in strength to grain refinement as well as the
presence of nanoparticles that aid in Orowan strengthen-
ing. Therefore, the appropriate strength/ductility tradeoff
can be attained by carefully controlling the texture, alloy-
ing additions, type of reinforcement and its compatibility
with the matrix, matrix-reinforcement interface, and
reinforcement distribution.

4.3.7. Outlook
In summary, high ductility can be realized in certain
classes of Mg-based composites. Micro-composites
generally have poor ductility due to the micron-size
reinforcements that act as fracture initiation sites.
Nanocomposites generally have high strength with no
compromise in ductility or improved ductility when
compared to micro-composites. Nanoparticles assist in
improving ductility by texture weakening and grain
refinement, while also improving the strength through
dislocation strengthening and Hall-Petch strengthening.

Figure 41. Agglomerates of Fe3O4 nanoparticles in Mg matrix that hamper the ductility of the nanocomposites.[434]
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Furthermore, a careful choice of alloying elements and
nano-reinforcements with a lower CTE differential
could also alleviate the micro-strain, therefore granting
the nanocomposite excellent strength, ductility and
toughness. While there are numerous challenges to
overcome before the potential of Mg nanocomposites
can truly be realized, such as uniform dispersion of
nanoparticles and tailoring of the matrix-reinforcement
interface, Mg nanocomposites are an exciting new fron-
tier. By manipulating and modifying existing alloys and
taking advantage of nano-technology to adjust and
fine-tune material properties, particularly ductility,
researchers can create strong, lightweight materials
with widespread applications.

5. Highly-ductile magnesium as a
structural material

5.1. Creep properties

The many potential applications of Mg in the automo-
bile industry have been restricted to only the

instrument panel, steering wheel, seats, and gear boxes
owing to its high reactivity and inferior properties at
elevated temperatures. Automotive powertrain compo-
nents, such as the engine block and transmission case,
are subjected to prolonged high temperatures
(150–200 �C) at increased stress (50–70MPa).[448] This
continuous exposure of material to elevated tempera-
tures and stresses lead to slow deformation of mater-
ial, or “creep,” which can result in failure of the
material at stresses below the YS. Creep behavior can
be classified into dislocation creep, diffusional creep,
GBS and GB migration depending on the exposed
temperature and loading intervals, as shown in Figure
44a.[449] Creep by dislocations occurs at moderate
temperatures, where dislocations are formed under
the applied load. When a dislocation is forced through
the stress field of another dislocation, a dislocation
interaction occurs, which results in the formation of
jogs or kinks. Dislocations with jogs move by thermal
activation via creation of a vacancy, and this jog-
vacancy pair results in dislocation climb, which leads
to material failure. On the other hand, creep by

Figure 42. Uniform dispersion of SiC nanoparticles in as-solidified magnesium alloy matrix. (a), (b) Low and high magnification
SEM images of Mg2Zn/14 vol%SiC showing uniform dispersion of SiC, (c) The interaction potential (W) vs inter nanoparticle dis-
tance (D) for two SiC nanoparticles shown as the blue curve, where segment 1, 2, and 3 denote the dominance of van der Waals
interactions, increased interfacial energy with SiC, and decreased interfacial energy due to the contact and sintering of SiC nano-
particles, (d) TEM image of a characteristic SiC nanoparticle and Mg matrix interface.[413]
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diffusion occurs at elevated temperatures, where self-
diffusion contributes to plastic deformation. In diffu-
sional creep, GBs serve as the sinks and sources of
the vacancies.

Moreover, GBS also contributes to creep strain,
because voids form due to the shear stresses acting on
the GBs. The fraction of creep strain resulting from
GBS is reported to be from 10% to 65% depending
upon the applied stress, grain size and exposed tem-
perature. GBS has been reported to increase with
increasing stress and temperature and shares an
inverse relationship with grain size.[448] Finally, GBs
can migrate due to stress-induced precipitation during
creep. HAGBs can migrate to relieve the increased
concentration of stress caused by precipitates in
supersaturated phases. The RT deformation of Mg is
mainly accommodated by the (0001) basal slip system
due to its low CRSS as compared to the non-basal slip
system. Twinning also contributes to deformation at
both RT and elevated temperatures due to low CRSS.
On the other hand, GBS, GB migration and the acti-
vation of non-basal slip (pyramidal and prismatic) can
occur. Raynor et al. studied the creep behavior of
pure Mg and concluded that the main mechanisms of
deformation at 90–300 �C and 8–70MPa were basal
slip, twinning, and formation of sub-grains.[452]

However, at temperatures above 250 oC, the non-basal
slip systems (pyramidal and prismatic), GB deform-
ation and GB sliding were the primary deformation
mechanisms. Vagarli et al. suggested that dislocation
climb was the dominant creep mechanism at stresses
between 8.2� 21MPa at temperatures below 477 �C,
whereas cross slip occurred at stresses higher than

2.5MPa.[453] However, for stresses lower than
2.5MPa, lattice self-diffusion was the dominant creep
mechanism. Figure 44b shows the dominant creep
mechanism of various Mg alloys taken from the litera-
ture at stresses of 20–120MPa and at temperatures of
100–300 �C.[450] Accordingly, an in-depth understand-
ing of Mg deformation by creep and its relationship
with microstructure and other material characteristics
is required to design creep-resistant Mg alloys.
Dargusch et al. investigated creep in an AZ91Mg alloy
at temperatures between 125 and 175 �C at 50MPa
stress and found that the activation energy was
30–45 kJ/mol.[454] The activation energy was attributed
to the presence of the Mg17Al12 phase in AZ91, which
contributed to GBS and GB migration. Pipe diffusion
was suggested to be the dominant creep mechanism at
stresses between 50 and 90MPa. Somekawa et al. also
studied the creep characteristics of AZ91 at tempera-
tures between 200 and 350 �C and concluded that dis-
location climb is the main creep mechanism.[455] At
temperatures below 267 �C, the activation energy was
found to be 96 kJ/mol, suggesting pipe diffusion,
whereas at temperatures above 267 �C, an activation
energy of 126 kJ/mol was observed, pointing toward
the self-diffusion mechanism.

Very recently, Figueiredo et al. conducted a dou-
ble-shear creep test on ECAPed AZ31 with an average
grain size of 2.7 mm[456]; they found that GBS (stress
exponent ¼ 2, activation energy ¼ 92 kJ/mol)
occurred at the early stages of deformation, but the
creep rate decreased with increasing deformation due
to grain growth. On the other hand, a sample
annealed (24 h at 723K) before the creep test showed

Figure 43. Magnesium nanocomposite Mg-1.8Y/1CaO exhibiting strength-ductility synergy.[443]
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an increased stress exponent at higher stresses and sup-
pression of GBS due to its coarser grain size of 50mm.
The addition of minute RE elements has been reported
to modify creep resistance by solid solution strengthen-
ing and to grant an excellent age hardening response
via formation of metastable semi-coherent/coherent
Mg-RE precipitates (Figure 44c). Ning et al. studied the
creep resistance of an Mg-2Gd-1Nd-2Ca-0.5Mn (wt%)
alloy at 180 �C and 210 �C.[457] The alloy exhibited
remarkable creep characteristics which were attributed
to the high solid solution strengthening effect of Mg-
2Gd-1Nd-2Ca-0.5Mn by the co-segregation of Nd sol-
ute atoms with other atoms. Although RE-added Mg
alloys show better mechanical properties and creep
characteristics, they are very costly to produce because
of the expense of RE elements. Accordingly, it is
important to develop a low-cost high-creep resistant
alloy for commercial purposes. In this regard, Ca has
been suggested as the most promising potential alterna-
tive to RE elements. Ca is not only inexpensive, but
also can significantly enhance the mechanical and creep
properties of alloys. Very recently, Amir et al.

investigated the effect of Ca addition up to 4wt% on
the microstructure and creep characteristics of a Mg-
4Sn alloy.[451] An impression creep test conducted at
temperatures between 445K and 475K at normalized
stress levels between 0.0225 and 0.035 revealed that the
>2wt% Ca-added alloy showed remarkable creep
resistance. The enhanced creep properties were attrib-
uted to the formation of stable Ca-Mg-Sn and Mg2Ca
phases at the GBs instead of an unstable MgSn2 phase
(Figure 44d). Pipe diffusion climb was regarded as the
main creep mechanism, with a stress exponent of
6.04<n< 6.89 and an activation energy of 101.37 kJ/
mol<Q< 113.8 kJ/mol. More effort and improved
understanding are needed to improve the creep resist-
ance of Mg alloys in order to exploit these materials in
automotive applications.

5.2. Fatigue properties

Decreasing the weight of vehicles is considered one of
the most effective approaches to enhance the fuel
economy and mitigating environmentally harmful

Figure 44. (a) The map illustrating various regions of deformation under specific normalized stress and temperature,[449] (b) The
creep mechanism of various Mg alloys reported in the literature,[450] (c) The comparison of creep strength of several Mg die-cast
alloys to produce 0.1% creep strain in 100 h at 175 �C,[450] (d) SEM image of Mg-4Sn-4Ca (wt%) alloy and the prediction for the
formation of various phases after solidification by JmatPro.[451]
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emissions. A 10% reduction in passenger vehicle
weight can increase fuel economy by 6–8%.[458] Mg,
the lightest metallic material, has drawn considerable
attention for its potential to reduce vehicle weight
based on its dimensional integrity, high strength-
weight ratio, and adequate machinability and recyc-
lability. As a structural material in the transportation
industry, Mg is utilized to fabricate clutches, intake
manifolds, camshaft covers and transmission housing.
One potential application is shown in Figure 45a: a
the weight of an engine cradle was reduced by 35% by
utilizing Mg instead of conventional Al alloys.[459]

However, automobile components are inevitably
subjected to repeated/fluctuating loading and unload-
ing millions of time while in service and usually fail at
stresses lower than the actual fracture stress.[154] This
behavior is called fatigue failure, and it is of vital

importance for the reliability and durability of struc-
tural materials. Fatigue characteristics can be analyzed
by either stress-controlled fatigue (SN) behavior,
where stress amplitude (S) is plotted against the num-
ber of cycles (N), or by strain-controlled low cycle
fatigue (LCF), which occurs at high stress and a low
number of cycles. Despite being a good potential can-
didate for weight reduction applications, Mg shows
inferior fatigue properties owing to its high anisot-
ropy, tension-compression yield asymmetry and the
presence of a strong basal texture after primary proc-
essing. Plastic anisotropy and tension-compression
yield asymmetry can hamper the irreversibility of cyc-
lic deformation, which has an effect on the durability
and in-service performance of the components.

AZ/AM series materials are the most vigorously
researched of the Mg alloys with lower fatigue

Figure 45. (a) The Mg engine cradle with 35% weight reduction as compared to the conventionally fabricated with Al alloys,[459]

(b) Fatigue life of as-cast Mg alloy in comparison with other studied alloys,[460] (c) Total strain amplitude as a function of the num-
ber of cycles for ZEK100Mg alloy in comparison to other reported in the literature,[461] (d) Stress-strain hysteresis loop of various
cycles at total 1.2% strain amplitude for AM30 and GW103K.[462]
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properties. Table 11 shows the uniaxial tension-com-
pression fatigue properties of wrought AZ/AM
alloys.[463–485] It has been suggested that the inferior
fatigue characteristics of AZ alloys are due to their
strong basal texture, high plastic anisotropy and the
formation of the b-Mg17-Al12 phase. Accordingly,
high fatigue strength in Mg alloys can be achieved by
reducing the plastic anisotropy and weakening the
strong basal texture by alloying with suitable elements.
Mohammed et al. developed the a Zn-containing cast
Mg-10Zn-5Al (wt%) alloy with remarkable tensile and
fatigue properties as compared to other conventional
alloys (Figure 45b).[460] Microstructural characteriza-
tion by XRD and EBSD revealed that the addition of
Zn suppressed the formation of b-Mg17-Al12 interme-
tallic compound and promoted the s-Mg32(Al,Zn)49
phase. In spite of a slight softening seen at higher
strain amplitudes, the alloy demonstrated superior
fatigue properties, which was attributed to the ran-
domly oriented texture and presence of the
s-Mg32(Al,Zn)49 phase. Begum et al. studied the LCF
behavior and the factors affecting the fatigue proper-
ties of an extruded AM30Mg alloy.[468] The asymmet-
rical hysteresis loop was present at higher strain levels
with a significant difference in tension and compres-
sion yield stress, which was due to twinning during
compression and detwinning during tension.
Moreover, strong cyclic hardening was observed at
low strain ratios, while fatigue life was found to
increase with an increase in the strain rate.

Patel et al. introduced a thixomolded AM60B Mg
alloy with superior fatigue properties as compared to

its die-cast counterpart.[486] Microstructural analysis
revealed that it consisted primary of a-Mg and
b-Mg17-Al12 particles present in the eutectic network
structure. The formation of symmetrical hysteresis
loops in tension and compression and the excellent
fatigue characteristics of thixomolded AM60B were
attributed to the presence of b-Mg17-Al12 particles
with small grain sizes, which suppressed the formation
of twinning during cyclic deformation. Similarly,
excellent fatigue properties were reported for a semi-
solid AZ91Mg alloy created by the same research
group.[487] The addition of RE elements results in a
randomly oriented crystallographic texture, which
leads to improved mechanical properties at RT and
elevated temperature based on the phenomena of solid
solution strengthening and precipitation strengthen-
ing. Yang et al. studied the effect of Ce addition on
the stress-controlled fatigue properties of an AZ91Mg
alloy with a high-frequency fatigue testing
machine.[488,489] The results revealed that the addition
of 1% and 2% Ce resulted in improvements in fatigue
strength of 20.3% and 9.1%, respectively. The
enhanced properties were attributed to grain refine-
ment and suppression of porosity due to Ce addition
in AZ91. Similarly, Mokdad et al. studied the mechan-
ical properties and fatigue characteristics of a 0.2 wt%
Nd-containing ZEK-100 alloy compared to those of
AZ31 and AM30 alloys, as illustrated in Figure
45c.[461] The ZEK100 alloy showed a combined
improvement in ductility and strength, with enhanced
fatigue life as compared to the other alloys studied.
The skewness and asymmetry of the hysteresis loop
were improved in the Nd-containing ZEK100 alloy,
which was attributed to suppression of twinning based
on the refined grain size and weakened texture. Mirza
et al. studied the strain-controlled cyclic deformation
behavior of a GW103K (Mg-10Gd-3Y-0.5Zr) alloy.[462]

Fatigue testing revealed that the GW103K alloy dem-
onstrated cyclic stabilization with a symmetrical hys-
teresis loop without tension-compression asymmetry
(Figure 45d). The longer fatigue life of this alloy was
attributed to its small grain size, texture weakening
and the large number of precipitates which acted as
an obstacle to twinning. Accordingly, it can be con-
cluded that grain refinement, precipitation hardening,
and texture modifications are the pre-requisites for
the design of a high-fatigue strength Mg alloy.

5.3. Corrosion

Mg and its alloys have been considered extremely
attractive structural materials based on the multiple

Table 11. Fatigue properties of various AZ/AM alloys.

Material
Manufacturing

process
Range of cycle

of failure

AZ31[463] Rolled 101–106

AZ31, AZ80[464] Extruded 102–106

AZ31B-F[465] Extruded 103–106

AM50[466] Extruded 102–104

AZ31B[467] Extruded 102–107

AM30[468] Extruded 103–108

AZ31[469] Extruded 102–108

AZ31[470] Extruded 102–105

AZ31[471] Extruded 103–107

AZ31[472] Extruded 102–104

AZ31[473] Rolled 102–104

AZ31[474] Extruded 102–107

AZ31B[475] Rolled 102–104

AZ31B[476] Rolled 101–104

AZ31[477] Rolled 102–108

AZ31B[478] Extruded 102–105

AZ31, AZ61, AZ80[479] Extruded 102–104

ZK60[480] Extruded 102–106

AZ61A[481] Extruded 102–106

AZ31B[482] Extruded 102–104

AZ91[483] Rolled 102–105

AZ31[484] Extruded, Rolled 103–107

AZ31, ME21[485] Extruded, TRC 101–106
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advantage it offers i.e., light weight, high strength to
weight ratio, etc. However, diverse utilization of Mg
has been restricted because it suffers from various
handicaps, including poor formability at RT, rapid
ignition in air at high temperature and, most import-
antly, inferior corrosion characteristics as compared to
other lightweight materials such as carbon fiber-rein-
forced plastics and Al.[490] Discrete localized corrosion
in Mg alloys is irregular, and expands laterally and
spreads throughout the entire surface of the material.
Owning to their high reduction potential (�2.37V),
Mg alloys are susceptible to galvanic corrosion when
they come in contact with metal or intermetallic com-
pounds with low reduction potential. The substantial
corrosion rates of Mg alloys are associated with the
following factors: (i) the high intrinsic reactivity of
Mg, (ii) the formation of a surface film during immer-
sion in an aqueous chloride-containing solution,
which is unstable and non-protective, and (iii) micro-
galvanic interactivity among the second phases or
impurities, which results in significantly higher corro-
sion rates as compared to that of pure Mg. The corre-
sponding anodic (1) and cathodic (2) reactions can be
represented as follows:

Mg ! Mgþ2 þ 2e� (1)

2H2Oþ 2e� ! H2 þ 2OH� (2)

The anodic dissolution of Mg and its alloys occurs
when Mg undergoes oxidization to form divalent Mg
ion (Mgþ2). Hydrogen evolves at the cathode along
with OH�, which upon reacting with Mgþ2 produces
an Mg(OH)2 film at the surface, which is discontinu-
ous, does not efficiently protect the alloy and increases
the pH of the solution after several hours of immer-
sion of Mg in aqueous solution.

The overall corrosion reaction of Mg can be illus-
trated as[491,492]:

Mgþ 2H2O ! Mg2þ þ 2 OHð Þ� þH2

! Mg OHð Þ2 þH2 (3)

Due to the high electronegativity of Mg, it releases
two electrons and converts to Mgþ2, which is stable in
aqueous solution. The corrosion of one atom of Mg
results in the formation of one H2 molecule, so meas-
urement of the amount of liberated H2 can provide
the rate of corrosion of the Mg alloy.[493] Mitigating
the high corrosion rate of Mg alloys by controlling
their microstructure, appropriate alloying, or applying
protective coatings is of significant importance for
diverse industrial applications. Different alloying addi-
tions may have dissimilar effects on the mechanical
and corrosion characteristics of the alloys; some

specific elements may improve both properties (corro-
sion and mechanical), whereas some can improve one
property but cause the other to deteriorate.
Accordingly, in-depth investigations are required to
figure out the diverse effects of different alloy-
ing additions.

Al is known to be the most important alloying add-
ition for Mg, along with Zn, because both control the
grain size during solidification to result in improved
physical properties. Mg-Al-Zn (AZ series) alloys are
the most researched and versatile Mg alloys and are
utilized for various structural applications owing to
their adequate strength and better castability. The sig-
nificant improvement in the mechanical properties of
AZ alloys is attributed to the formation of the inter-
metallic compound Mg17Al12 (b-phase).[494] On the
other hand, the Mg17Al12 phase enhances the Al con-
tent of the materials, which has a detrimental effect
on the corrosion characteristics of AZ series alloys.
Hence, the corrosion susceptibility of AZ alloys
depends upon the distribution and morphology of
Mg17Al12. Extensive investigations have been carried
out on alloy design. Specific solutes react with Al or
the Al-Mn phase, resulting in increased precipitation
density and a highly homogeneous distribution of the
Mg17Al12 phase. Figure 46a shows the corrosion
potential (Ecorr) of AZ alloys measured in quiescent
0.1M NaCl.[47] Only small changes in the Ecorr of
various Mg alloys are measured because of the limited
solubility of most of the elements in Mg.

As mentioned previously, the electrochemical char-
acteristics of Mg alloys are highly dependent on the
type of intermetallic particle involved, and they play a
vital role in the localized corrosion behavior of Mg
alloys. In this regard, Sudholz et al. conducted micro-
capillary electrochemical tests in dilute chloride solu-
tion on the key intermetallic compounds formed in
Mg alloys.[495] The results revealed that, excluding
Mg2C, all intermetallic compounds aggravated reduc-
tion reactions to rates higher than that of Mg and
showed increased cathodic kinetics. Potentiodynamic
polarization curves for different intermetallic com-
pounds are shown in Figure 46b. The ability of an
individual intermetallic compound to undergo a cath-
odic reaction depends on its composition.
Accordingly, suitable alloying can enhance the corro-
sion resistance of Mg alloys by modifying the nature
and overall distribution of intermetallic compounds.
In this regard, alloying with RE elements produces
excellent results in terms of mechanical properties and
corrosion characteristics due to the formation of Al-
RE intermetallic compounds, for example, Al2RE,
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Al11RE3 etc., which promote grain refinement and
also enhance the homogeneous distribution of the
Mg17Al12 phase.

Hu et al. studied the effect of samarium (Sm) add-
ition on the microstructural evolution and corrosion
resistance of the AZ91Mg alloy.[496] Microstructural
characterization revealed that Sm segregated with Al
and formed an Al2Sm intermetallic compound (Figure
46c), which not only altered the morphology of
Mg17Al12 from coarse to fine but also reduced the
overall area fraction of the Mg17Al12 phase (8.4% and
5.7% in AZ91 and AZ91-1.0Sm, respectively). The
corrosion rate decreased with increasing Sm concen-
tration. The corrosion rate, which was calculated
through mass loss testing carried out for 24 h in 0.1M
NaCl solution, was 0.47mg/cm2 day and 0.33mg/cm2

day for AZ91 and AZ91-0.1Sm, respectively, as illus-
trated in Figure 46c. The significant improvement in
the corrosion characteristics of AZ91-0.1Sm was

attributed to the Al2S phase, with more noble corro-
sion potential as compared to the a-Mg and Mg17Al12
phase in the same electrolyte. Similarly, microalloying
of Y (0.04wt%) to Mg-8Sn-1Zn-1Al decreases the cor-
rosion rate by 67% ( 12.7mm/y and 4.2mm/y without
and with Y microalloying, respectively).[497] The
remarkable enhancement in corrosion resistance was
attributed to the formation of fewer noble Al8Fe4Y-
MgSnY duplex particles in the Y-added alloy, which
formed by heterogeneous nucleation of MgSnY on the
surface of Al8Fe4Y during solidification of the alloy.
Accordingly, the duplex particles reduced the electro-
chemical nobility gap between the particles and a-Mg
and, hence, decreased the probability of microgalvanic
corrosion during NaCl immersion. Kim et al. exten-
sively investigated the corrosion characteristics of an
Mg-5Al-xCa (x¼ 0 to 2wt%) alloy in NaCl alkaline
solution.[498] Microstructural and electrochemical
analyses of all of the alloys revealed that the addition

Figure 46. (a) Corrosion potential (Ecorr) of several AZ series Mg alloys measured in 0.1M NaCl,[47] (b) Potentiodynamic polarization
curves for various intermetallic compounds present in Mg alloys,[495] (c) Mass loss in 0.1M NaCl for AZ91 with various Sm concen-
tration ( Inset figure in figure (c) shows the SEM image in backscattered mode of AZ91-1.0Sm (wt%) alloy),[496] (d) Schematics of
electrochemical effects of various alloying addition.[47]

64 U. MASOOD CHAUDRY ET AL.



of Ca facilitated grain refinement and increased the
pitting corrosion resistance of the Mg-5Al alloy. The
high corrosion resistance in the Ca-added alloy was
attributed to the small grain size, high precipitation
density and suppression of microgalvanic cells by
reduced precipitation of the Mg17Al12 phase at the
grain boundaries, which were caused by increased Ca
concentration. To this end, alloying can influence the
overall anodic and cathodic reaction kinetics of Mg
alloys and can affect the corrosion characteristics.
Figure 46d gives a schematic illustration of the effect
of specific alloying addition on the overall corrosion
kinetics of Mg alloys.[47] The schematic explains not
only the effects of a particular alloying addition on
the electrochemical properties of an alloy, but also
shows the extent to which the cathodic and anodic
reactions are influenced by the addition. Accordingly,
the schematic can be consulted to identify the appro-
priate alloying element that will suppress cathodic
reaction kinetics in Mg alloys.

5.4. Formability

Despite various advantages, widespread application of
Mg alloys has been restricted due to the poor form-
ability of Mg at RT. The inferior formability as com-
pared to Al arises from the inability of Mg to deform
along the c-axis because of the high CRSS value of the
pyramidal< cþ a> slip system, which causes Mg to
fail in the early stages of deformation. The strong
basal texture after primary processing and lack of
independent slip systems are the most frequently dis-
cussed shortcomings that prevent the utilization of
Mg alloys in diverse applications. Accordingly, weak-
ening of the strong basal texture and activation of

non-basal slip systems have been suggested as pre-
requisites for highly formable Mg alloys.

The formability of Mg alloys has been intensively
investigated over the past few decades through various
thermomechanical techniques and different alloying
additions.[327] The addition of RE elements is better
than the use of other impurities, as they lead to weak
basal texture and also enhanced non-basal slip during
deformation as presented in Figure 23.[67–69,75,76]

Besides texture, grain size, high-strain hardening
exponent (n) and plastic anisotropy have been exten-
sively studied with respect to improving formability.
Grain refinement and the implications thereof have
already been discussed in previous sections. Plastic
anisotropy (r-value) is considered an important par-
ameter associated with the stretch formability of Mg
alloys. A higher r-value reflects a material’s inability
to deform along the thickness direction, and stretch
formability is mainly controlled by the capacity of
materials to accommodate strain along the thickness
direction. Usually, in rolled Mg sheets with the c-axis
parallel to ND texture, prismatic slip is the dominant
deformation mechanism during in-plane stress and
thickness strain can only be accommodated by pyram-
idal slip. Due to the very high CRSS value of pyram-
idal slip, stress cannot be accommodated in the c-axis,
resulting in a high r-value and lower stretch formabil-
ity. Thus, to achieve high stretch formability in Mg
alloys, plastic anisotropy must be reduced. Figure 47a
shows the relationship between stretch formability
and r-value for various Mg alloys.[45] Formability is
inversely related to r-value; thus, plastic isotropy is
the key factor in the design of highly formable Mg
alloys. The higher plastic anisotropy of Mg alloys can
be correlated with the strong basal texture created
during processing. Several previous works revealed

Figure 47. (a) The relationship between Erichsen value and plastic anisotropy (r-value) for several Mg alloys,[45] (b) Variation in
ductility (Ev) and limiting dome height (LDH) with respect to the strain hardening exponent (n) for various Mg alloys.[249]
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that materials with strong basal textures showed
higher anisotropy values.[17,499–502] When the basal
poles are broader and split more along one direction,
the r-value increases, as the angle between the tensile
loading direction and texture-broadened direction
increases; this is because basal slip is more favorable
under tensile deformation along the texture-broadened
direction. Similarly, assuming biaxial stress during
stretch formation, the orthotropic texture will result
in anisotropic deformation during stretching and will
lead to poor formability. However, in addition to tex-
ture, the anisotropy of Mg alloys can be controlled by
the relative activities of slip systems and twinning dur-
ing plastic deformation. Suh et al. investigated the
deformation behavior of AZ31 and AT31 (Mg-3Al-
1Sn) (wt%) Mg alloys and concluded that, though
there was only a small difference in the SFs of the two
alloys, AT31 showed higher thickness strains along all
loading directions as compared to AZ31.[77] The
results suggested that through-thickness deformation
(lower r-value) can be improved by the activation of
the non-basal system and, thus, AT31 showed a
higher stretch formability than AZ31.

In addition to lower-value, RT stretch formability
of Mg alloys can be significantly enhanced by an
improvement in the work hardening exponent, which
can be achieved by microstructural modification.
Kang et al. thoroughly investigated the relationship
between work hardening exponent and stretch form-
ability of various alloys.[249] Their findings are shown
in Figure 47b. The results confirmed that stretch
formability shares a linear relationship with work
hardening regardless of alloy composition.
Accordingly, we can conclude that a lower r-value
and a higher work hardening exponent are prerequi-
sites for high stretch formability in Mg alloys at RT.
In this regard, pre-twinning has been found to be a
very simple and economic approach to enhancing the
strain hardening exponent and simultaneously reduc-
ing the r-value. TTWs alter the parent grain orienta-
tion by 86�, so a large concentration of TTWs can
facilitate deformation along the thickness direction.
Park et al. pre-compressed the AZ31 alloy to activate
TTWs, resulting in a 65% increase in formability.[246]

These results suggest that the activation of detwinning
and basal slip in the twinned region accommodated

Figure 48. Schematic representing all-in-one Mg based materials.
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the through-thickness strain and resulted in the
observed improvement in stretch formability.
Similarly, Weijun et al. carried out in-plane compres-
sion to introduce TTWs to a thin AZ31Mg alloy sheet
and found that the Erichsen value of the pre-twinned
alloy was improved by 50% following compres-
sion.[248] The enhancement in stretch formability was
attributed to the presence of TTWs in the pre-twinned
region, which effectively accommodated the through-
thickness strain during deformation and resulted in
improved formability. In addition, TTWs can act as a
nucleation sites for dynamic recrystallization during
the deformation of Mg alloys, and DRXed grains with
random orientations can eventually enhance the
stretch formability.

5.5. All-in-one magnesium based materials

Strength and ductility are two essential performance
indicators for metallic materials which ensure the high
deformability for arbitrary shape change with an
adequate robustness. However, inferior mechanical
properties of Mg and its alloys are the major obstacle in
their global use. The strength can be enhanced by block-
ing the dislocation motion, which often results in the
reduction of ductility, a phenomenon known as
strength-ductility trade off. Therefore, the major chal-
lenge is to investigate the mechanistic origin to this
dilemma and to explore new compositions of Mg alloys
with strength-ductility synergy. The microstructural
modification has been considered to be the most vital
principle to achieve this target, where microstructure
should be engineered to promote the uniform plastic
flow and to suppress the dislocation pile-up during plas-
tic deformation. As it is well established that Mg can be
made strong by the grain refinement (GB-strengthen-
ing) as elaborated by Hall-Petch relationship discussed
in section 3.1.1, where incoherent GBs with high bound-
ary energy can hinder the transmission of dislocation
between the adjacent grains. Interestingly, at a critical
grain size the Hall-Petch relationship fails and GB soft-
ening overtake the GB hardening phenomenon.
Therefore, the aim should be to modify the microstruc-
ture to a critical grain size having maximum strength
with adequate ductility. In addition, the microstructure
engineering can promote the intergranular deformation
mechanisms (GBS, strain delocalization) resulting in
super formable Mg as discussed in section 2.1.3.

Moreover, if the Mg is to be utilized in high-tem-
perature applications (at 300 �C or above), under-
standing the creep behavior is of supreme importance.
It is widely accepted that creep characteristics of Mg

alloys are dependent on its microstructural character-
istics (grain size, texture, precipitates) and the external
operating conditions such as applied stress and the
operating temperatures, yet the major contributor to
enhance creep resistance remain unclear. The operat-
ing temperature is limited based on Mg’s low melting
point; hence it is required to increase the operating
temperature by suitable alloying. The alloying element
should be selected on the basis that it should show
high solubility at high temperature and the solubility
decreases at low temperatures so that the formation of
precipitates could lead to age hardening. In addition
to that, the precipitates should contain a high concen-
tration of Mg which can reduce the amount of alloy-
ing elements due to an increase in the volume
fraction of precipitates. Moreover, a combination of
alloying elements can be exploited, which can simul-
taneously result in the formation of complex precipi-
tates and increase the overall volume fraction of
precipitates. Another important prerequisite of alloy-
ing elements is its lower diffusion rate in Mg which
will lead to a lower tendency of dislocation climb and
overageing. Hence, the utilization of calculated phase
diagrams is essential to save the time/material and
focus should be given to devise a relationship between
the microstructural characteristics and the related
deformation mechanisms (diffusion characteristics,
activation of slip systems, and migration of GBs).

The existing defects, twinning lamellas, and slip
bands can lead to earlier formation of fatigue cracks
in Mg alloys resulting in premature material failure.
Accordingly, future works should be devised to miti-
gate these deficiencies for achieving high fatigue
strength in Mg alloys. One approach could be purifi-
cation, deformation by SPD techniques followed by
various annealing regimes to eliminate the metallur-
gical defects and exploiting the precipitation strength-
ening to suppress the initiation of twinning and cyclic
slips. The challenge will be thoroughly understanding
the slip and twinning interaction at the twin bounda-
ries on the formation of a fatigue crack. Hence, it will
be of immense advantage to utilize various in-situ
techniques for mechanistically understating the inter-
action characteristics of slips and twins and their con-
sequent effects on the fatigue properties of Mg alloys.

Furthermore, the widespread applications of Mg
alloys have been impeded owing to its high vulnerability
to corrosion, which can be attributed to the develop-
ment of weakly bonded and heterogeneous oxide/
hydroxide film on its surface. Accordingly, enhancing
the corrosion resistance of Mg alloys is imperative for
its commercial utilization. A bi-directional approach
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can be opted to achieve the target. One strategy could be
to carefully consider the alloying addition, deformation
by SPD techniques, and followed by annealing which
can result in the dispersion of second phase particles,
resulting in lower susceptibility to galvanic corrosion.
The second strategy could be consideration of appropri-
ate surface engineering for developing adherent, uni-
form, and self-healing coatings to avoid the vigorous
corrosion behavior of Mg alloys.

6. Remarks, future trends, and conclusion

The intrinsic brittleness of Mg impedes its diverse
applications. Accordingly, a thorough understating of
the deformation mechanisms involved can lead to a
breakthrough in the design of highly ductile Mg alloys.
The two globally accepted ductility-enhancing mecha-
nisms can be summarized as dislocation nucleation and
dislocation (non-basal) mobility. Dislocation nucleation
can be explained based on the I1SFE, where materials
with lower SFEs can provide more sites for dislocation
nucleation, resulting in an increased density of non-
basal dislocations. Hence, dislocation nucleation will
eventually enhance the ductility of Mg alloys by accom-
modating the strain in the crystallographic< c> axis.
Secondly, suppressing the deleterious PB transition and
enhancing the mobility of non-basal dislocations result
in a higher rate of< cþ a> cross-slip. Thus, it is
imperative to fully understand the correlation between
the two mechanisms as a function of solid solution
alloying and provide a concrete understating of these
ductility-enhancing mechanisms.

In recent years, the design of Mg alloys with super-
ior properties has benefited greatly from the develop-
ment of high-performance computing technology. The
development of computationally-aided design strat-
egies by integrated computational materials engineer-
ing (ICME) has enabled scientists and engineers to
study atomistic-scale mechanisms and to successfully
build reliable correlations among chemical compos-
ition, processing, and properties. This has not only
boosted the design of new materials with superior
properties through simulations, but also significantly
reduced the cost of repeated experimentations and
testing. First principle calculations and MD simula-
tions have provided mechanistic insights and uncov-
ered various issues related to the poor ductility of Mg
and provided a roadmap for the development of high-
performance Mg alloys. Although ICME offers great
predictability and unprecedented tools for temporally
and spatially resolved materials simulations, it is hin-
dered by its high cost and laborious and time-

intensive computations. Accordingly, the discovery of
a new material can be significantly expedited by
exploiting machine learning (ML). Ultrafast, efficient,
and accurate predictions of yet-to-be-synthesized
materials can be made by employing simplified
machine learning methods trained on data from either
computations or experimental results. The main con-
cept of ML is to establish a relationship between a
given data set (chemical composition, microstructural
characteristics, etc.) and the targeted property
(strength, ductility, etc.). ML is then performed by
training an algorithm to predict the targeted property
based on the given input data. The trained algorithm
is then further tested against a new set of input fea-
tures to predict changes in the property at negligible
computational cost, once a sufficient level of accuracy
has been achieved. ML can be used to extract insights,
establish a relationship between various attributes, and
make predictions based on learned trends. Hence, har-
nessing these paradigms can systematically explore the
vast chemical space and can accelerate the prediction
of new materials with targeted properties.

Recently, with the development of the materials
genome philosophy and data mining strategies, data-
based statistical ML approaches have contributed to
materials engineering; some recent studies successfully
predicted the transformation temperature of NiTi-
based shape memory alloys,[503] the composition of
ultrahigh-strength stainless steel[504] and the stress-
strain curve and final texture of an FCC polycrystal-
line material.[505] Moreover, ML tools are now being
utilized to successfully unearth specific behavior in
Mg alloys and to provide insight into the correlations
between various parameters. For instance, Andrew et
al. utilized a ML framework and data obtained from
EBSD to predict factors that affect twinning behavior
in the AZ31Mg alloy.[506] A decision tree algorithm
was selected to establish the relationship between
microstructural features and twin formation. The
results revealed that grain size, basal Schmid factor
and dislocation density control twin nucleation, while
twin propagation is affected by GB length, GB misor-
ientation, angle from GB plane to RD plane and basal
Schmid factor. Recently, Pie et al. utilized ML to suc-
cessfully identify promising alloying elements to create
ductile Mg alloys.[507] Twenty-one elements (out of
76) with 22 properties were used as a training data set
and the Gaussian process clarification (GPC) algo-
rithm was employed. The GPC algorithm efficiently
and reliably predicted promising solutes for ductile
Mg alloys. The results were further used to evaluate
the correlation between the ductility mechanisms
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(dislocation nucleation and dislocation mobility), and
it was shown that the two mechanisms are strongly
linked. This postulate was further verified in another
work by the same authors, in which high-throughput
calculations were performed to investigate the effects
of the same solute elements on the two ductility-
enhancing mechanisms.[508] The results revealed that
the two pro-ductility mechanisms are strongly linked,
such that a specific solute had the same effect on both
of the mechanisms. Accordingly, ML can pave the
way toward discovery of new compositions of Mg
alloys. It can remove the fundamental bottleneck and
eliminate conventional trial-and-error fabrications and
testing methodologies. A simple ML algorithm, based
either on configurational or compositional informa-
tion, can predict the targeted property at ultrafast
speed and enormously reduced cost.

Mg has been under intensive investigations for utiliz-
ing it in structural applications, owing to its low density
and high natural abundance. Despite the various tantaliz-
ing properties, the vast applications has been impeded
due to the low ductility of Mg at RT. Accordingly, in the
present review, the major factors associated with the
intrinsic brittleness of Mg and the strategies that should
be exploited to enhance the mechanical properties are
deeply discussed. It can be concluded from the above dis-
cussion that the atomic flow mechanisms including PB
transition, SFEs (1st, 2nd, and GSFE) and the cross-slip of
pyramidal II dislocations are most significant mecha-
nisms for designing highly ductile Mg alloys. Specific
alloying additions can not only modify the PB transition
time or lower the energy barrier for pyramidal II cross-
slip but can also alter the relative CRSS activating the
non-basal slip system at the initial stages of deformation
leading to superior ductility. Moreover, structural, and
textural modification by various thermo-mechanical
treatments or different SPD techniques can result in
strength/ductility synergy of Mg alloys. Finally, the cer-
amic nanoparticles based Mg composites showed prom-
ising performance, which can be further optimized by the
appropriate particle selection and by increasing the
homogeneous distribution throughout the matrix.
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