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Abstract: Magnesium-based composites are promising
materials that can achieve higher strength, modulus,
stiffness, and wear resistance by using metals, ceramics,
and nanoscale carbon-based materials as reinforcements.
In the last few decades, high-performance magnesium-
based composites with excellent interfacial bonding and
uniformly distributed reinforcements have been success-
fully synthesized using different techniques. The yield
strength, Young’s modulus, and elongation of SiC nanopar-
ticle-reinforced Mg composites reached ~710 MPa, ~86 GPa,
and ~50%, respectively, which are the highest reported
values for Mg-based composites. The present work sum-
marizes the commonly used reinforcements of magnesium
composites, particularly nano-reinforcements. The fabri-
cation processes, mechanical properties, reinforcement
dispersion, strengthening mechanisms, and interface opti-
mization of these composites are introduced, and the
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factors affecting these properties are explained. Finally,
the scope of future research in this field is discussed.
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1 Introduction

In recent years, new energy vehicles and the aerospace
industry have been facing a constant requirement to
improve energy efficiency through the weight reduction
of their components. Owing to their low density and high
strength-to-weight ratios, light metals have thus attracted
considerable global attention. Magnesium (Mg) and magne-
sium alloys are the lightest engineering structural materials
[1-6] and have been extensively considered as good weight-
reducing components because of their low density, high
specific strength, good thermal conductivity, castability,
machinability, and high damping capacities [7-11]. After
decades of development, the conventional mechanical
properties of Mg alloys, such as strength and plasticity,
have been significantly improved [12-15]. The ultimate
tensile strength (UTS) of Mg alloys has reached 500 MPa,
and its elongation (EL) has reached more than 50%.
However, as structural materials, their inherently low
elastic modulus and strength restrict their extensive uti-
lization in critical engineering applications [16,17]. For
this reason, many researchers have used traditional strength-
ening methods (solid-solution strengthening, precipitation
strengthening, fine-grain strengthening, and work hardening)
to improve the performance of Mg alloys for many years. Mg
alloys are mainly composed of hexagonal close-packed (hcp)
o phases (a-Mg). A limited number of slip systems can be
offered by the hcp structure, which limits the role of plastic
deformation and work hardening methods in the strength-
ening of Mg alloys [18]. Solid-solution strengthening and
fine-grain strengthening by adding alloying elements (mainly
rare earth elements) are commonly used to improve the
mechanical properties of traditional Mg alloys [19,20], but
the increased content of alloying elements greatly affects
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the weight and cost of Mg alloys. According to the rule of
mixtures [21], the elastic modulus of a multiphase alloy is
determined by the elastic modulus and volume fraction of
all constituent phases. The elastic modulus of pure Mg
(~45.0 GPa) [22] and each secondary phase in conventional
commercial Mg alloys are both low [23,24]. This results in the
modulus of these commercial Mg alloys being generally
between 35.0 and 45.0 GPa [25,26]. Therefore, these conven-
tional research ideas are of limited use in improving the per-
formance of Mg alloys. New research directions are thus
urgently needed to improve the comprehensive mechanical
properties of Mg alloys.

These intrinsic drawbacks can be circumvented by
the addition of reinforcements to create Mg-based compos-
ites [27-30]. With respect to material design, such reinforce-
ments combine the best properties of the Mg matrix, and
they provide significant improvement in mechanical prop-
erties [31-33]. These improvements include high specific
strength, high elastic modulus, good wear resistance, and
excellent high-temperature properties [34-39]. The fabri-
cation processes of Mg matrix composites can be cate-
gorized into liquid-phase methods [40-44], solid-phase
methods [45-50], and other methods such as in situ
synthesis [51,52]. A crucial task of Mg-based composites
is to ensure that the load is evenly distributed between
the matrix and the reinforcements [53,54]. Hence, the
reinforcements require good physical and chemical com-
patibilities, load-bearing capacity, wettability, and inter-
face reactions with the matrix [55,56]. The strengthening
mechanism of the reinforcements mainly acts as a force-
bearing body. When external stress is applied, the load is
efficiently shifted from the softer Mg matrix to the harder
reinforcements [57,58]. The strengthening and hardening
effects of the reinforcements can be achieved through effec-
tive stress transfer at the interfaces between the matrix and
reinforcements. The refinement and dispersion of the rein-
forcements can not only achieve the effect of grain refine-
ment during the fabrication process but can also hinder the
movement of dislocations and grain boundary slip during
the loading and deformation process, thereby improving
the strength of the composites [59-63]. At present, the
widely recognized strengthening mechanisms of Mg-based
composites include fine-grain strengthening, Orowan strength-
ening, load transfer effect, and thermal mismatch strength-
ening [64—-68]. The Orowan strengthening mechanism
originates from interactions with nanoparticles, disloca-
tions, and grain boundaries. The better the interfacial
bonding, the better the load transfer effect. Similarly, the
smaller the grain size, the better the enhancement effect.
Therefore, uniform distribution of the reinforcements, good
interfacial bonding, and fine Mg matrix grains are prerequisites
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that need to be addressed to achieve Mg-based composites
with excellent mechanical properties. Current research hot-
spots include the influence of the type, volume fraction, and
size of the reinforcements, reasonable fabrication processes,
and interface optimization treatment on the microstructure
and mechanical properties of Mg-based composites. Hence,
this study reviews the selection of different types of reinfor-
cements (especially nano-reinforcements), fabrication pro-
cesses, mechanical properties, and interface optimization
treatments that have been reported in recent studies in the
field of Mg-based composites. The current problems, as well
as directions for future development of Mg-based compo-
sites, are offered from the authors’ perspective.

2 Metallic-reinforced Mg-based
composites

The final properties of Mg-based composites are con-
trolled by many factors, such as the fabrication process,
matrix size/constitution, volume fraction and morphology
of reinforcements, and secondary processing. Among
these, the selection of reinforcements compatible with
the Mg matrix remains one of the most critical factors for
realizing the best properties of the resultant composite.
Metallic reinforcements have good wettability and self-
extensihility, which can collectively enhance the modulus
and plasticity of the Mg matrix. In recent years, various
metallic-reinforced Mg-based composites (mainly based
on pure Mg), such as Cu/Mg [69,70], Ni/Mg [71,72],
Mo/Mg [73], Ti/Mg [74-76], (Cu, Ti)/Mg [69], TC4/Mg
[77], and Mn/Mg alloys [78], have been developed. These
metallic reinforcements have higher melting points than
the Mg matrix, and they can become nucleation centers and
obtain fine equiaxed grains during melting. The solid solu-
bility of the metallic reinforcements in the Mg matrix is
limited. It can not only maintain a certain number of rein-
forcements but also form secondary phases.

The mechanical properties of some metallic-reinforced
Mg-based composites are listed in Table 1. As shown in
the table, these metallic-reinforced Mg-based composites
exhibit excellent ductility owing to the good wettability
between the Mg matrix and the metallic reinforcements,
the generation of secondary phases, and the toughness
of the metallic reinforcements. Therefore, metallic-rein-
forced Mg-based composites have the dual functions
of particle strengthening and second-phase strength-
ening. The simultaneous addition of multiple metallic
reinforcements may improve the strengthening effect.
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Figure 1: Schematic of the AZ31/WE43 bimetallic composite rod prepared by hot-press diffusion and co-extrusion [80].

content of metallic reinforcement [88,89]. Hence, the added
content of metallic reinforcements needs to be better
designed; otherwise, the reinforcements and the matrix
may form compounds, which deteriorates the mechanical
properties of the matrix. The decrease in the ductility of
metallic-reinforced Mg-based composites is mainly attrib-
uted to the presence of a relatively high volume fraction of
brittle intermetallic compounds at the interfaces and inside
the matrix. These act as crack nucleation points, resulting in
greatly reduced properties.

At present, research on metallic-reinforced Mg-based
composites is at its initial stage and has mainly focused
on pure Mg as the matrix. However, a few studies have
been conducted on metallic-reinforced composites based
on Mg alloys. In addition, the density of metallic reinfor-
cements is much higher than that of the Mg matrix, and
thus a high content of metallic reinforcement will nega-
tively affect the weight of metallic-reinforced Mg-based
composites. Methods to obtain uniformly dispersed nano-
metallic particle-reinforced Mg-based composites there-
fore need to be further explored. Solving the problems of
interface diffusion, particle distribution uniformity, con-
tent ratio, and effective low-density metallic reinforce-
ment is still a difficult problem in the development of
metallic-reinforced Mg-based composites, and contin-
uous experimental exploration is required.

3 Ceramic-reinforced Mg-based
composites

Ceramic reinforcement has several advantages such as high
hardness (1,200-3,700 HV) and modulus (300-600 GPa),
low thermal expansion coefficient (3-8 10°K™?), and high
chemical stahility [57-63,90,91]. The commonly used ceramic-
based reinforcement materials mainly include carbides

(SiC, B,C, and TiC), nitrides (SisN, and AIN), borides
(TiB, and TiB), and metal oxides (Al,0; and MgO). The
size and morphology of the ceramic reinforcements have
a significant influence on the properties of Mg-based com-
posites. Stress concentration occurs at the sharp corners of
ceramic reinforcements with an irregular external mor-
phology. Ceramic reinforcements can refine the Mg matrix
grains, produce high-density dislocations, and effectively
block dislocations, which can significantly enhance the
strength of the matrix.

However, as the volume of the micron-ceramic rein-
forcements increases, significant plastic weakening of the
composites will occur owing to the stress concentrations
occurring near the particle aggregates and interface de-
cohesion [92-94]. Moreover, as shown in Figure 2, the
easy initiation and propagation of cracks in the micron-
ceramic reinforcements or at the interfaces are a result of
micron-ceramic-reinforced Mg-based composite failure
[95-97]. Therefore, subsequent secondary processes are
often used to refine the micron-ceramic-reinforced Mg-
based composite grains to improve their microstructures
[98]. In addition, the residual stress of ceramic reinforce-
ments with regular and uniform shapes is very small
[95,99]. The expected properties can be obtained using
nano-ceramic reinforcements owing to their excellent
properties (see Table 2). As illustrated in Figure 3, nano-
ceramic particles can be distributed at the grain bound-
aries and/or inside the grains, thus resulting in remarkable
pinning of grain boundary movement and a fine-grain
strengthening effect [103,104]. Hence, the strength and
ductility of ceramic-reinforced Mg-based composites can
be comprehensively improved [79,105]. More specifically,
the strengthening effect of nano-ceramic reinforcements
with a small volume fraction can be similar to or even
better than that of micron-ceramic-reinforced Mg-based com-
posites with similar or higher volume fractions [100,106]. For
example, Hassan and Gupta [107] showed that the YS, UTS,
and EL of Mg-based composites containing 1 vol% nanosized
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Figure 2: (a) Cracks ahead of the notch at the “small” strains; (b) corresponding image of (a) at “large” strains. (c and d) Further
magnification of the rectangular regions in (a) and (b), respectively [95].

SiC particles (SiC,) were higher than those of an AZ91 alloy
reinforced with a higher content (10 vol%) of micron-SiCy,.
Similarly, mechanical ball milling is an economical
method for producing nano-ceramic-reinforced Mg-based
composites. Nano-ceramic particles can also be synthe-
sized in situ by milling precursor elements. Hwang et al.
[108] synthesized nano-TiC particle-reinforced Mg-based
composites by the mechanical ball milling of Mg, Ti, and
C element powders. The tensile strength, toughness, and duc-
tility of the nanocomposite can be improved using nano-TiCp,
which can inhibit grain boundary sliding. Furthermore, nano-
ceramic reinforcements can be added to Mg-based composites
together with other types of reinforcements (hybrid reinforce-
ments), thus providing greater strengthening efficiency
than individual nano-ceramic reinforcements [109,110].
Compared with the AZ91 alloy, the hardness and tensile
strength of MgO-Al,05;-MgAl,O,-reinforced Mg-based com-
posites increased by 64% (97 HV) and 43% (325MPa)
[111,112], respectively. Tun et al. [113] prepared nano-Al,Os
ceramic particles and Cu metal hybrid-reinforced Mg-based
composites by PM combined with microwave sintering (MS)
and HE. The significant increase in YS and UTS can be
attributed to the grain refinement of Cu and its secondary

phase. HE is an effective way to improve the microstructure
defects of casting [114,115]. For a SiC,/AZ91 composite pre-
pared by the stirring casting method, the subsequent HE
can form grain deformation zones and high energy density
dislocations and ultimately promote dynamic recrystalliza-
tion to refine the matrix grains [98,116]. Subsequent HE can
also allow for uniform distribution of SiC nanoparticles
within the matrix and a simultaneous increase in YS,
UTS, and failure strain [117]. In fact, the surface properties
of Mg alloys significantly affect their service life in certain
application scenarios. Surface Mg-based composites are the
best examples of such materials, which contain evenly dis-
tributed reinforcements at the surface, without affecting the
chemical composition and structure of the internal sub-
strate [118-120]. To modify the surface properties of Mg
alloys, friction stir processing (FSP), a solid-phase method,
is advantageous for preparing surface composites on Mg
alloys [121]. Grain refinement, improved hardness, wear
resistance, and mechanical behavior are common observa-
tions in all Mg-based composites produced by FSP [50,122].

Improving the strength of Mg and Mg alloys at high
temperatures is a challenge [123]. However, on the one
hand, the fine grains obtained by deformation are easily
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Figure 3: (a) Transmission electron microscopy (TEM) image of the dislocation cell labeled with orange “c.”

marked with a red arrow in the MgO/Mg nanocomposite [104].

the Mg matrix, surface modification of the reinforcements,
and optimization of processing technologies, have been
adopted to address the aforementioned problem. Among
them, adding appropriate alloying elements to the matrix
can effectively improve the wettability and interface bonding
between the molten matrix and the nano-ceramic reinforce-
ments [46]. By introducing a small amount of Ti (which has
a higher melting point than pure Mg) to the B,C ceramic
preform, homogeneously distributed B,C particles within
the matrix were obtained. This is because Ti acts as an infil-
tration inducer to reduce the surface tension and solid-li-
quid interfacial tension of the molten Mg. In addition, the
addition of metallic particles of similar size can promote the
uniform distribution of ceramic nanoparticles [132].
Although ceramic-reinforced Mg-based composites
show superior advantages, they still have many short-
comings that limit their large-scale application. In addi-
tion to the poor interfacial bonding mentioned above, the
reinforcement may react with the matrix, resulting in
interface instability [133,134]. Therefore, ceramic-rein-
forced Mg-based composites need further research in
the following directions in the future: (1) in terms of the
fabrication process, the process flow, parameters, and
equipment should be optimized on the basis of the ori-
ginal process, and fabrication processes with low cost

(b) Dislocation glide steps

and high efficiency should be developed; (2) adding hybrid
ceramic reinforcements may obtain ceramic-reinforced
Mg-based composites with comprehensive properties. Indi-
vidual ceramic particle-reinforced Mg-based composites
may improve the stiffness and strength of the compo-
sites, but they can also reduce the ductility and tough-
ness. Hybrid ceramic reinforcement-reinforced Mg-based
composites can maintain the advantages of each ceramic
reinforcement and provide multiphase synergistic strength-
ening; and (3) it is necessary to deeply study the influence
of the interface between the reinforcement and the matrix
on the properties of Mg-based composites, explore the inter-
face action mechanism, and seek an effective way to solve
the interface problem.

4 Carbon-reinforced Mg-based
composites

Nanosized reinforcements can improve the strength of Mg
composites while maintaining their plasticity. Nanocarbon
reinforcements mainly comprise carbon nanotubes (CNTSs)
[135] and graphene nanosheets (GNSs) [136]. Graphene
consists of only a single-atom-thick sheet of sp*

C)) (b) = 50, ) * Mg2Zn (14 vol% SiC)
1,000 2 This work v Mg2Zn
= < Mg10Al
__ 800 z 401 » Mg10Al (1diamondoids)
& =3 > 4 Duralumin
= 600 A 3 30 o o Ti6AI4V
2 3 o i 4 @ TWIP steel
© 400 o} oy *v @ Duplex stainless steel
) s 20 4 A Martensitic steel
200 4 = v Inconel MA6000
§ < W7Cr9Fe
0 g v v v v » 0 v v r v \
0 10 20 30 40 50 60 0 100 200 300 400 500

Strain (%)

Specific strength (kN m kg™)

Figure 4: (a) Engineering stress—strain curves of Mg specimens without (black) and with (red) SiC nanoparticles. (b) Relationship between
specific modulus and specific YS of Mg,Zn (14 vol% SiC) in comparison with the microcolumn test results of other metals and alloys [99].
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hybridized carbon atom in a honeycomb lattice. Graphene
building blocks can be used to construct single-walled and
multiwalled CNTs [137,138]. CNTs are produced by rolling
layers of graphene. The walls of CNTs (1-2 nm in diameter)
are composed of carbon atoms bonded to each other with
strong C-C bonds. Both CNTs and GNSs have low density
(~1gcm™), ultra-high strength (up to ~100 GPa), high
Young’s modulus (~1TPa), excellent mechanical proper-
ties, and good thermal stability [57-63,139-143]. These
qualities make them ideal reinforcements for high-perfor-
mance Mg-based composites. Therefore, Mg-based compos-
ites reinforced with nanocarbon reinforcements (CNTs and
GNSs) have a lower density and higher specific strength
than those with ceramic-based and metallic particle reinfor-
cements [144].

Many studies have found that the strength of Mg-based
composites reinforced by CNTs and/or carbon nanosheets
(CNSs) increased by as much as 40% and that the EL rate
exceeded 100% [145-149]. Table 3 lists the mechanical
properties of nanocarbon-reinforced Mg-based composites.
Ding et al. [151] synthesized CNT-reinforced Mg-based nano-
composites using PW. The CNTs were uniformly dispersed
in the matrix, and the nanocomposite exhibited higher
strength and reasonable ductility. Its compressive strength
and YS reached 504 and 454 MPa, respectively, values that
are much higher than those of similar materials reported in
other studies. In addition, a novel processing method that
combined liquid-state ultrasonic and solid-state stirring
was used to prepare bulk nanocomposites [154]. The
obtained GNS-reinforced Mg-based nanocomposite showed
uniform dispersion of the GNSs and significantly enhanced
hardness. Rashad et al. [152,153,155-157] studied GNSs and/
or CNT-reinforced Mg-based nanocomposites using semi-
powder metallurgy (SPM) followed by HE. For (10 wt%
Ti + 0.18 wt% GNSs)/Mg composites, the addition of GNSs
enhanced the YS, UTS, and ductility of the matrix. The
increased ductility of GNS-reinforced Mg-based nanocom-
posites has rarely been reported. Rashad et al. [153] also
studied the synergistic effect of CNTs and graphene on the
mechanical properties of pure Mg. Under the same ratio of
using either only CNTs, only graphene, or a combination of
CNTs and graphene, CNTs exhibited the best strengthening
effect, whereas the CNTs + graphene hybrid reinforcements
exhibited the best ductility.

The uniform distribution of the nanocarbon rein-
forcements is the premise underlying the excellent
mechanical properties of nanocarbon-reinforced Mg-based
composites. As shown in Figure 5a and b, the uniform dis-
tribution and continuous CNTs or graphene-reinforced com-
posites have mechanical properties that exceed those of
carbon-fiber-reinforced composites [158]. The best bearing
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capacity achieved thus far was achieved by designing con-
tinuous CNT or graphene preforms in the composite design.
As shown in Figure 5c, Kinloch et al. [158] summarized four
dispersion methods based on the combination of CNTs/GNSs
and functional groups. Owing to the second-phase strength-
ening effect of the high modulus of the nanocarbon rein-
forcements, Mg-based nanocomposites usually have a
higher hardness than the matrix, which limits local defor-
mation during the indentation process [159]. The high
elastic modulus of the nanocarbon reinforcements indi-
cates a high load-bearing capacity and prevents damage
to the worn surface. Once the load is removed, the rein-
forcements are restored to their original shape. Therefore,
the wear resistance of Mg-based composites with high-
modulus reinforcements can be further improved [160].

CNTs may cause agglomeration because of the weak van
der Waals forces between the carbon atoms. Similarly, owing
to the strong van der Waals force and the m—m attractive
force, CNSs are prone to aggregation [154]. Therefore, the
uniform distribution of these nanocarbon reinforcements
in the Mg matrix is a major problem. Compared with adding
reinforcements in the matrix directly, the in situ method has
the advantages of good interfacial wettability and strong
interfacial bonding with the matrix [161] and finer size
and uniform distribution of in situ synthetic reinforce-
ments [162,163]. Recently, a preparation process where
chemical predispersion was combined with stirring casting
was used to achieve good dispersion of CNSs in the Mg
matrix [31]. This process effectively solved the problem of
dispersing CNSs using the stirring casting method and
prepared a CNS-reinforced Mg-based composite with
high strength while maintaining plasticity.

The ball-milling method can also significantly improve
the aggregation of CNSs. GNSs showed uniform distribution
in the matrix with no significant graphene aggregation with
increasing ball-milling time [164,165]. Good interfacial
bonding can transfer the load from the soft matrix to the
nanocarbon reinforcements to improve the strength of the
composites. In addition, the noncoherent interfaces between
CNTs and the matrix lead to poor interfacial bonding
[166,167], and the natural nonwettability of CNTs in molten
Mg leads to inhomogeneous dispersion of the CNTs [168,169].
Therefore, the mechanical properties of CNTs/Mg nanocom-
posites are much lower than predicted [170], which largely
limits the application of CNTs in Mg-based composites [171].
To overcome these problems, some improved methods have
been applied, such as rapid MS and spark plasma sintering
technologies [172-174]. However, it is difficult to avoid the
agglomeration of CNTs in the matrix. DMD and ultrasonic-
assisted extrusion can prevent the agglomeration of CNTs
[175-177], but these methods usually introduce structural
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Figure 5: (a) Schematic of a composite that consists of the uniform distribution and continuous CNTs or graphene as reinforcements.
(b) Ashby plot of Young’s modulus and tensile strength of composites containing nano-reinforcements [158]. (c) Schematic diagram of four
dispersion methods for the interaction between CNTs or GNSs and a polymer matrix [158].

defects in the CNTs. However, the in situ synthesis of CNTs
can be used to solve this problem. Using an in situ reaction
method, CNT-reinforced Mg-based nanocomposites with a
small matrix grain size, uniform CNT dispersion, and good
interface bonding can be prepared. For example, Sun et al.
[178] used a Co catalyst to synthesize uniformly dispersed
CNT/Mg nanocomposite powders in situ. Using chemical
vapor deposition (at 480°C) combined with a Co catalyst,
CNTs with uniform morphology and high purity were synthe-
sized on Mg powder. Yuan et al. [179] improved the mechan-
ical properties of a GNS/AZ91 alloy using in situ-synthesized
MgO nanoparticles, which significantly improved the inter-
facial bonding between the GNSs and a-Mg. This is attributed
to the formation of a semicoherent interface, MgO/a-Mg, and
the distortion area interfacial bonding of GNS/MgO, as shown
in Figure 6. When 0.5 wt% GNPs was added, the YS and the

EL of the nanocomposite increased by 76.2 and 24.3%,
respectively, compared to the matrix. The ball milling of the
CNT/Mg composite powder enabled CNTs to be embedded
in the Mg matrix, thereby forming an ideal combination of
CNTs and pure Mg. Hence, the obtained nanocomposite
powders produced a Mg-based composite with uniform
CNT distribution.

The surface coating of nanocarbons is also one of the
most effective ways to improve the wettability and inter-
facial bonding between the reinforcements and the matrix,
such as Ni [180], Al [46], Si [181], and MgO [150]. For
example, Yuan et al. [150] studied a new method to
improve the interfacial bonding strength by coating mag-
nesium oxide (MgO) nanoparticles on the surface of CNTs.
The results showed that a nanoscale contact interface and
diffused bonding interface formed between the CNTs and

Figure 6: (a) High-magnification image of the distortion area. (b) Schematic illustration of the interface of MgO/a-Mg and GNS/MgO [179].
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MgO in the composite. Consequently, this ensured the
effective transfer of the load from the matrix to the CNTs.
In recent years, among numerous research methods for Mg
alloys, numerical simulations and molecular dynamics
simulations have gradually become important [182-186].
As shown in Figure 7, Zhou et al. [186] investigated the
effects of interfacial properties and hybrid nano-reinforce-
ments on the dynamic mechanical properties of Mg-based
composites and hybrid strengthening mechanisms by com-
paring three-dimensional (3D) simulation results and experi-
mental data. The use of numerical simulation calculations may
save more time for optimizing the interfacial bonding and
mechanical properties of Mg-based composites in the future,
as well as the development of new Mg-based composites.
Nanocarbon-reinforced Mg-based composites have
the advantages of low density, high specific strength,
and stiffness, which have attracted the attention of scholars
worldwide. However, carbon nano-reinforcements also have
deficiencies, including agglomeration and uneven disper-
sion, both of which can cause their performance to be far
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lower than expected. In addition, the weak interfacial
bonding between the nanocarbon reinforcement and the
matrix reduces the properties of nanocarbon-reinforced
Mg-based composites. Future research should focus on
developing new nanocarbon reinforcements, finding appro-
priate interface optimization methods, and developing rea-
sonable fabrication processes. It is worth mentioning that
the combination of experiments and modern computer
simulation technology can directly and effectively find
the best process plan, thereby avoiding the blindness of
experiments.

5 Other functional Mg-based
composites

As biodegradable implants, Mg-based alloys have unique
characteristics that Zn- and Fe-based alloys do not
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Figure 7: 3D numerical simulations of the dynamical tensile response of hybrid CNT/SiC-reinforced Mg-based composites considering
interface cohesion at 100°C and strain rate of 1,000 s~* [186]. (a) 3D composite, (b) cross section of the composite, (c) Mg matrix, and

(d) hybrid reinforcements.
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have [55,117,187-189]. Mg-based composites used as bio-
degradable implants are promising candidates for avoiding
the stress shielding problems caused by high Young’s mod-
ulus metals, such as Zn (~90 GPa) or Fe (~211.4 GPa). This is
because pure Mg has Young’s modulus (~45GPa) that is
closest to that of natural bone (~5-23 GPa) [190-192]. There-
fore, Mg-based composites have superior mechanical and
corrosion performance for biomedical applications [193-196].

Mg has a theoretical hydrogen storage capacity of up to
7.6% (mass fraction) and is widely considered a hydrogen
storage material. Magnesium hydride/magnesium (MgH,/
Mg) composites are potential solid-state hydrogen storage
materials. However, the thermodynamic and kinetic proper-
ties are far from suitable for practical applications at this
stage [197]. Reinforcements can be used as effective cata-
lysts to reduce the reaction enthalpy of Mg-based hydrogen
storage materials and significantly improve their hydroge-
nation/dehydrogenation performance [198-200]. As shown
in Figure 8, Jeon et al. [201] reported a type of air-stable
composite material that can store high-density hydrogen
(up to 6 wt% of Mg, 4 wt% of composites) and has fast
kinetics (loading at 200°C for less than 30 min) without
using expensive heavy metal catalysts. The composites can
enhance the kinetics by reducing the length of the hydrogen
diffusion path and reducing the required thickness of the
poorly permeable hydride layer formed during the absorp-
tion process. In addition, high-energy ball milling can pro-
duce hydrogen storage materials with the advantages of
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Figure 8: Mg nanocomposites in a gas-barrier polymer matrix.

a) Schematic of hydrogen storage composite material: high-capa-
city Mg nanocomposites are encapsulated by a selectively gas-
permeable polymer. b) Synthetic approach to formation of the
Mg nanocomposites [201].
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fresh and highly reactive surface nanocrystalline mate-
rials and the ability to form nanocomposites [202,203].
Li et al. [204] mechanically ball-milled additives (TiO,,
Ni, and CNTs) and Mg to improve the hydrogen storage
performance. The composites can absorb 7.5 wt% hydrogen
in 60 s at a hydrogen pressure of 5.0 x 10~ Pa, and release
6.5 wt% hydrogen in 600s at a hydrogen pressure of
5.0 x 107 Pa at 260°C. The composites exhibited very high
absorption, hydrogen capacity, and remarkable dynamic
performance during the hydrogenation/dehydrogena-
tion processes.

The micro-galvanic effect is the main corrosion mechanism
of reinforcement-reinforced Mg-based composites. This may be
attributed to the presence of reinforcements that activate
the corrosion of Mg alloys owing to the occurrence of gal-
vanic corrosion. This effect increases with increasing rein-
forcement content [205]. The addition of reinforcements
will also introduce several interfaces, dislocations, twins,
compounds, and other structures within the Mg matrix, all
of which are closely related to the corrosiveness of Mg-
based composites. Nonetheless, surface treatment can sig-
nificantly improve the corrosion resistance of Mg alloys/
Mg-based composites [196,206-211]. In addition, com-
pared to pure Mg or Mg alloys, some Mg-based composites
have better high-temperature properties [99], superior
damping [212,213], and improved creep properties [96].
Hence, more research needs to be conducted in these areas
so that Mg-based composites can be used in aviation,
aerospace, automobiles, civil air-conditioning, and other
related fields on a large scale.

6 Summary and outlook

This review summarizes the current research progress,
challenges, and upcoming explorations of reinforcement-
reinforced (especially nano-reinforcements) Mg-based com-
posites. Micron-reinforcement-reinforced Mg-based compo-
sites, owing to the larger size of the reinforcements, are
more likely to contain fracture-inducing defects, thus making
patrticle fracture more common. However, Mg and its alloys
reinforced with nano-reinforcements have the advantages of
light weight, superior strength, high modulus, and good
wear resistance, thus exhibiting improved mechanical
properties without significantly reducing the ductility nor-
mally associated with the addition of micro-reinforce-
ments, making them an attractive choice for lightweight
structural applications. To date, nano-SiC particles or CNT-
reinforced Mg-based composites have been studied sys-
tematically. Their YS, compressive strength, Young’s modulus,
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and EL have reached ~710 MPa, ~504 MPa, ~86 GPa, and
~50%, respectively, which are the highest reported values
for Mg-based composites. To obtain excellent mechanical
and physical properties, the microstructure and interface of
Mg-based composites need to be considered. It is necessary to
understand the influence of reinforcement distribution, orien-
tation, interfacial reaction phases, and matrix microstructure
on the properties of Mg-based composites. However, there are
three main drawbacks that limit the large-scale application of
Mg-based nanocomposites: (a) the agglomeration and in-
homogeneous dispersion of these reinforcements, (b) poor
interfacial bonding between the reinforcements and the
matrix, and (c) most Mg-based composites have poor
corrosion resistance and relatively limited high-temperature
properties. Although many traditional and novel methods
(such as in situ technology) have been employed to dis-
perse the reinforcements into metal matrices, it is very
important to use less expensive and simpler methods to
produce Mg-based composites without the need for specific
technical equipment. Therefore, this remains a significant
challenge.

Four aspects should be considered in future work.
First, it is necessary to further explore Mg alloy matrix
composites. Thus far, most of the work has focused on the
pure Mg matrix; however, very few studies have been
conducted on Mg alloy matrices. In fact, Mg alloys, rather
than pure Mg, are widely used in the industry. Second,
effective and inexpensive reinforcements should also be
explored in depth. More reasonable sizes and combina-
tions of reinforcements can be studied to improve the
comprehensive performance of Mg-based composites.
Third, new reinforcement dispersion technology, a less
expensive and simpler production technology that is
used to disperse the reinforcement into the Mg matrix,
should be studied. Reinforced coatings produced by
in situ reaction or reinforcement generation should be
used to fabricate high-performance composite mate-
rials. This can be achieved through proper surface treat-
ment and the development of appropriate coating pro-
cedures. This can enable the large-scale production of
Mg-based composites. Finally, further discussion on the
physical model and the corresponding accuracy is benefi-
cial for the development of new Mg-based composites.

Funding information: This research was funded by the
Guangdong Major Project of Basic and Applied Basic
Research (2020B0301030006), the Fundamental Research
Funds for the Central Universities Project (2021CDJQY-038,
2021CDJQY-040), the National Natural Science Foundation
of China (51971042, 51901028, 51861016), and the Chongg-

DE GRUYTER

ing Special Project of Science and Technology Innovation
(cstc2021yszx-jcyj0007).

Author contributions: All authors have accepted respon-
sibility for the entire content of this manuscript and have
approved its submission.

Conflict of interest: The authors declare no conflicts of
interest.

References

[1] XuT, YangY, Peng X, Song ], Pan F. Overview of advancement
and development trend on magnesium alloy. ] Magnes Alloy.
2019;7(3):536-44.

[2] Song J, She J, Chen D, Pan F. Latest research advances on
magnesium and magnesium alloys worldwide. ] Magnes
Alloy. 2020;8(1):1-41.

[3] Li S, Yang X, Hou J, Du W. A review on thermal conductivity of
magnesium and its alloys. | Magnes Alloy. 2020;8(1):78-90.

[4] Wang, Li F, Wang Y, Li X, Fang W. Effect of extrusion ratio on
the microstructure and texture evolution of AZ31 magnesium
alloy by the staggered extrusion (SE). ] Magnes Alloy.
2020;8(4):1304-13.

[5] Zhang Z, Peng |, Huang J, Guo P, Liu Z, Song S, et al. {10-12}
twinning nucleation in magnesium assisted by alternative
sweeping of partial dislocations via an intermediate pre-
cursor. ] Magnes Alloy. 2020;8(4):1102-8.

[6] Iranshahi F, Nasiri M, Warchomicka F, Sommitsch C.
Corrosion behavior of electron beam processed AZ91 mag-
nesium alloy. ] Magnes Alloy. 2020;8(4):1314-27.

[7] Luo K, Zhang L, Wu G, Liu W, Ding W. Effect of Y and Gd
content on the microstructure and mechanical properties of
Mg-Y-RE alloys. ] Magnes Alloy. 2019;7(2):345-54.

[8] Wang, Jia S, Wei M, Peng L, Wu Y, Liu X. Research progress
on solidification structure of alloys by synchrotron X-ray
radiography: a review. ] Magnes Alloy. 2020;8(2):396-413.

[9] Minarik P, Kral R, Cizek J, Chmelik F. Effect of different c/a

ratio on the microstructure and mechanical properties in

magnesium alloys processed by ECAP. Acta Mater.
2016;107:83-95.

Zhang Y, Huang X, Ma Z, Li Y, Guo F, Yang J, et al. The influ-

ences of Al content on the microstructure and mechanical

properties of as-cast Mg-6Zn magnesium alloys. Mater Sci

Eng, A. 2017;686:93-101.

[11]  CaoH, Huang M, Wang C, Long S, Zha J, You G. Research status
and prospects of melt refining and purification technology of
magnesium alloys. | Magnes Alloy. 2019;7(3):370-80.

(10]

[12] Homma T, Kunito N, Kamado S. Fabrication of extraordinary
high-strength magnesium alloy by hot extrusion. Scr Mater.
2009;61(6):644—7.

[13] Wu G, Chan K-C, Zhu L, Sun L, Lu ). Dual-phase nanostruc-

turing as a route to high-strength magnesium alloys. Nature.
2017;545(7652):80-3.



DE GRUYTER

(14]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

Zeng Q, Zhang Y, Li K, Zhuang Y, Li J, Yuan Y, et al. High-
ductility fine-grained Mg-1.92Zn-0.34Y alloy fabricated by
semisolid and then hot extrusion. ] Magnes Alloy. 2021.
doi: 10.1016/j.jma.2021.05.022

Zhao T, Hu Y, Zhang C, He B, Zheng T, Tang A, et al. Influence
of extrusion conditions on microstructure and mechanical
properties of Mg-2Gd-0.3Zr magnesium alloy. ] Magnes
Alloy. 2020. doi: 10.1016/j.jma.2020.06.019.

Li Z, Yang H, Liu J, Liu F. An improved yield criterion charac-
terizing the anisotropic and tension-compression asym-
metric behavior of magnesium alloy. | Magnes Alloy. 2021.
doi: 10.1016/j.jma.2021.05.005.

Medina ), Garces G, Pérez P, Stark A, Schell N, Adeva P. High
temperature mechanical behaviour of Mg-6Zn-1Y alloy with
1wt% calcium addition: Reinforcing effect due to I-(MgsZngY;)
and MggZnsCa, phases. | Magnes Alloy. 2020;8(4):1047-60.
Wang H, Wu P, Wang J, Tomé C. A crystal plasticity model for
hexagonal close packed (HCP) crystals including twinning
and de-twinning mechanisms. Int ) Plasticity.
2013;49:36-52.

Zhang |, Liu S, Wu R, Hou L, Zhang M. Recent developments in
high-strength Mg-RE-based alloys: Focusing on Mg-Gd and
Mg-Y systems. ] Magnes Alloy. 2018;6(3):277-91.

Ma C, Yu W, Pi X, Guitton A. Study of Mg—Al-Ca magnesium
alloy ameliorated with designed AlgMn,Gd phase. ] Magnes
Alloy. 2020;8(4):1084-9.

Schoutens JE. Introduction to metal matrix composite mate-
rials. Metal matrix composites information analysis center.
Santa Barbara, CA; 1982.

Hassan S, Gupta M. Effect of type of primary processing on
the microstructure, CTE and mechanical properties of mag-
nesium/alumina nanocomposites. Compos Struct.
2006;72(1):19-26.

Kaya AA, Celik ¢, Turke Y. New magnesium alloys with high
elastic modulus. MTM 2017 Conference at Istanbul.

Turkey: 2017.

Hort N, Huang Y-d, Fechner D, Stérmer M, Blawert C, Witte F,
et al. Magnesium alloys as implant materials-principles of
property design for Mg-RE alloys. Acta Biomater.
2010;6(5):1714-25.

Li Y, Hodgson PD, Wen C. The effects of calcium and yttrium
additions on the microstructure, mechanical properties and
biocompatibility of biodegradable magnesium alloys. ] Mater
Sci. 2011;46(2):365-71.

Chen J, Tan L, Yu X, Etim IP, Ibrahim M, Yang K. Mechanical
properties of magnesium alloys for medical application:

A review. ] Mech Behav Biomed. 2018;87:68-79.

Chawla KK. Metal matrix composites. Compos Mater. New
York, NY: Springer; 2012. p. 197-248

Laha T, Kuchibhatla S, Seal S, Li W, Agarwal A. Interfacial
phenomena in thermally sprayed multiwalled carbon nano-
tube reinforced aluminum nanocomposite. Acta Mater.
2007;55(3):1059-66.

Ci L, Ryu Z, Jin-Phillipp NY, Riihle M. Investigation of the
interfacial reaction between multi-walled carbon nanotubes
and aluminum. Acta Mater. 2006;54(20):5367-75.

Meher A, Mahapatra MM, Samal P, Vundavilli PR. Study on
effect of TiB, reinforcement on the microstructural and
mechanical properties of magnesium RZ5 alloy based metal
matrix composites. ] Magnes Alloy. 2020;8(3):780-92.

Design, processes, and properties of Mg-based composites

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

(42]

(43]

(44]

(45]

(46]

(47]

— 725

Xiang S, Wang X, Gupta M, Wu K, Hu X, Zheng M. Graphene
nanoplatelets induced heterogeneous bimodal structural
magnesium matrix composites with enhanced mechanical
properties. Sci Rep-UK. 2016;6(1):38824.

Sathishkumar P, Deepakaravind V, Gopal P, Azhagiri P.
Analysis of the mechanical properties and material charac-
terization on magnesium metal matrix nano composites
through stir casting process. Mater Today: Proc.
2021;46(17):7436-41.

Tao J, Zhao M, Zhao Y, Yin D, Liu L, Gao C, et al. Influence of
graphene oxide (GO) on microstructure and biodegradation
of ZK30-xGO composites prepared by selective laser melting.
J Magnes Alloy. 2020;8(3):952-62.

De Cicco D, Taheri F. Enhancement of magnesium-composite
bond-interface by a simple combined abrasion and coating
method. ] Magnes Alloy. 2019;7(2):227-39.

Martynenko N, Anisimova N, Kiselevskiy M, Tabachkova N,
Temralieva D, Prosvirnin D, et al. Structure, mechanical
characteristics, biodegradation, and in vitro cytotoxicity of
magnesium alloy ZX11 processed by rotary swaging.

) Magnes Alloy. 2020;8(4):1038-46.

Hu M, Wei S, Shi Q, Ji Z, Xu H, Wang Y. Dynamic recrystalli-
zation behavior and mechanical properties of bimodal scale
Al,053 reinforced AZ31 composites by solid state synthesis.
J Magnes Alloy. 2020;8(3):841-8.

Li L, Li D, Zeng X, Luo A, Hu B, Sachdev A, et al.
Microstructural evolution of Mg-Al-Re alloy reinforced with
alumina fibers. ) Magnes Alloy. 2020;8(3):565-77.
Selvamani ST, Premkumar S, Vigneshwar M, Hariprasath P,
Palanikumar K. Influence of carbon nano tubes on mechan-
ical, metallurgical and tribological behavior of magnesium
nanocomposites. ] Magnes Alloy. 2017;5(3):326-35.
Banerjee S, Poria S, Sutradhar G, Sahoo P. Dry sliding tri-
bological behavior of AZ31-WC nano-composites. ] Magnes
Alloy. 2019;7(2):315-27.

Hashim J, Looney L, Hashmi M. Metal matrix composites:
production by the stir casting method. ] Mater Process Tech.
1999;92-93:1-7.

Kumar A, Kumar S, Mukhopadhyay NK. Introduction to mag-
nesium alloy processing technology and development of low-
cost stir casting process for magnesium alloy and its com-
posites. ] Magnes Alloy. 2018;6(3):245-54.

Rashad M, Pan F, Liu Y, Chen X, Lin H, Pan R, et al. High
temperature formability of graphene nanoplatelets-AZ31
composites fabricated by stir-casting method. ] Magnes
Alloy. 2016;4(4):270-7.

Hu H. Squeeze casting of magnesium alloys and their com-
posites. ] Mater Sci. 1998;33(6):1579-89.

Gupta M, Srivatsan T. Microstructure and grain growth
behavior of an aluminum alloy metal matrix composite pro-
cessed by disintegrated melt deposition. ] Mater Eng
Perform. 1999;8(4):473-8.

Upadhyaya GS. Powder metallurgy technology. Cambridge,
England: Cambridge Int Science Publishing; 1997.

Rashad M, Pan F, Tang A, Asif M, Hussain S, Gou ), et al.
Improved strength and ductility of magnesium with addition of
aluminum and graphene nanoplatelets (Al + GNPs) using semi
powder metallurgy method. J Ind Eng Chem. 2015;23:243-50.
Shen Z, Johnsson M, Zhao Z, Nygren M. Spark plasma sin-
tering of alumina. ] Am Ceram Soc. 2002;85(8):1921-7.



726

[49]

(55]

[56]

(571

(58]

(60]

[61]

[62]

[63]

[64]

— Haotian Guan et al.

Li D, Chung T-S, Wang R. Morphological aspects and struc-
ture control of dual-layer asymmetric hollow fiber mem-
branes formed by a simultaneous co-extrusion approach.

) Membr Sci. 2004;243(1-2):155-75.

Yan Y, Zhang Z, Shen W, Wang |, Zhang L, Chin B.
Microstructure and properties of magnesium
AZ31B-aluminum 7075 explosively welded composite plate.
Mater Sci Eng, A. 2010;527(9):2241-5.

Sunil BR, Reddy GP, Patle H, Dumpala R. Magnesium based
surface metal matrix composites by friction stir processing.
) Magnes Alloy. 2016;4(1):52-61.

Tjong SC, Ma ZY. Microstructural and mechanical character-
istics of in situ metal matrix composites. Mater Sci Eng, R.
2000;29(3-4):49-113.

Mehra D, Mahapatra MM, Harsha SP. Processing of RZ5-10wt
%TiC in-situ magnesium matrix composite. ] Magnes Alloy.
2018;6(1):100-5.

Lee T, Kim WJ. Microstructure and tensile properties of
magnesium nanocomposites fabricated using magnesium
chips and carbon black. | Magnes Alloy. 2020;8(3):860-72.
doi: 10.1016/j.jma.2020.09.010.

Suresh S, Krishnan MN, Vettivel SC. Effect of B,C on strength
coefficient, cold deformation and work hardening exponent
characteristics of Mg composites. ] Magnes Alloy. 2020.
doi: 10.1016/j.jma.2020.09.010.

Al-maamari A, Igbal A, Nuruzzaman D. Wear and mechanical
characterization of Mg—Gr self-lubricating composite fabri-
cated by mechanical alloying. ) Magnes Alloy.
2019;7(2):283-90.

Kumar D, Suman KN, Tara Sasanka C, Ravindra K, Palash P,
Venkata Siva SB. Microstructure, mechanical response and
fractography of AZ91E/Al,05 (p) nano composite fabricated
by semi solid stir casting method. ] Magnes Alloy.
2017;5(1):48-55.

Lloyd D. Particle reinforced aluminium and magnesium
matrix composites. Inter Mater Rev. 1994;39(1):1-23.

Oh JC, Yun E, Golkovski MG, Lee S. Improvement of hardness
and wear resistance in SiC/Ti-6Al-4V surface composites
fabricated by high-energy electron beam irradiation. Mater
Sci Eng, A. 2003;351(1-2):98-108.

Giiler 0, Bagci N. A short review on mechanical properties of
graphene reinforced metal matrix composites. | Mater Res
Technol. 2020;9(3):6808-33.

Rafiee MA, Rafiee ], Wang Z, Song H, Yu ZZ, Koratkar N.
Enhanced mechanical properties of nanocomposites at low
graphene content. ACS nano. 2009;3(12):3884-90.

Hassan S, Gupta M. Effect of different types of nano-size
oxide particulates on microstructural and mechanical prop-
erties of elemental Mg. )] Mater Sci. 2006;41(8):2229-36.
Razavi M, Mobasherpour I. Production of aluminum nano-
composite reinforced by tungsten carbide particles via
mechanical milling and subsequent hot pressing. Int ] Mater
Res. 2014;105(11):1103-10.

Borodianskiy K, Zinigrad M. Modification performance of WC
nanoparticles in aluminum and an Al-Si casting alloy. Metall
Mater Trans B. 2016;47(2):1302-8.

Ferguson ], Sheykh-Jaberi F, Kim C-S, Rohatgi PK, Cho K. On
the strength and strain to failure in particle-reinforced
magnesium metal-matrix nanocomposites (Mg MMNCs).
Mater Sci Eng, A. 2012;558:193-204.

(65]

(66]

(68]

[69]

[70]

(71]

(78]

[79]

(80]

(81]

DE GRUYTER

Zhang Z, Chen D. Contribution of Orowan strengthening
effect in particulate-reinforced metal matrix nanocompo-
sites. Mater Sci Eng, A. 2008;483:148-52.

Zhang Z, Chen D. Consideration of Orowan strengthening
effect in particulate-reinforced metal matrix nanocompo-
sites: a model for predicting their yield strength. Scr Mater.
2006;54(7):1321-6.

Luo P, McDonald D, Xu W, Palanisamy S, Dargusch M, Xia K.
A modified Hall-Petch relationship in ultrafine-grained tita-
nium recycled from chips by equal channel angular pressing.
Scr Mater. 2012;66(10):785-8.

Sanaty-Zadeh A. Comparison between current models for the
strength of particulate-reinforced metal matrix nanocompo-
sites with emphasis on consideration of Hall-Petch effect.
Mater Sci Eng, A. 2012;531:112-8.

Seetharaman S, Subramanian J, Gupta M, Hamouda AS.
Influence of micron-Ti and nano-Cu additions on the micro-
structure and mechanical properties of pure magnesium.
Metals. 2012;2(3):274-91.

Wong WLE, Gupta M. Development of Mg/Cu nanocomposites
using microwave assisted rapid sintering. Compos Sci
Technol. 2007;67(7):1541-52.

Hassan SF, Gupta M. Development of high strength magne-
sium based composites using elemental nickel particulates
as reinforcement. ) Mater Sci. 2002;37(12):2467-74.
Hassan SF, Gupta M. Development of a novel magnesium/
nickel composite with improved mechanical properties.

J Alloy Compd. 2002;335(1):10-5.

Wong WLE, Gupta M. Enhancing thermal stability, modulus
and ductility of Magnesium using Molybdenum as reinfor-
cement. Adv Eng Mater. 2005;7(4):250-6.

Pérez P, Garcés G, Adeva P. Mechanical properties of a Mg-10
(vol%) Ti composite. Compos Sci Technol.
2004;64(1):145-51.

Hassan SF, Gupta M. Development of ductile magnesium
composite materials using titanium as reinforcement. ) Alloy
Compd. 2002;345(1):246-51.

Meenashisundaram GK, Wang N, Maskomani S, Lu S,
Anantharajan SK, Dheen SKT, et al. Fabrication of Ti + Mg
composites by three-dimensional printing of porous Ti and
subsequent pressureless infiltration of biodegradable Mg.
Mater Sci Eng, C. 2020;108:110478.

Wang X, Wang X, Hu X, Wu K. Effects of hot extrusion on
microstructure and mechanical properties of Mg matrix
composite reinforced with deformable TC4 particles.

) Magnes Alloy. 2020;8(2):421-30.

Liao H, Kim J, Liu T, Tang A, She J, Peng P, et al. Effects of Mn
addition on the microstructures, mechanical properties and
work-hardening of Mg-1Sn alloy. Mater Sci Eng, A.
2019;754:778-85.

Gupta M, Wong W. Magnesium-based nanocomposites:
lightweight materials of the future. Mater Character.
2015;105:30-46.

Zhao KN, Xu DX, Li HX, Zhang ]S, Chen DL. Microstructure and
mechanical properties of Mg/Mg bimetal composites fabri-
cated by hot-pressing diffusion and co-extrusion. Mater Sci
Eng, A. 2019;764:138194.

Hassan S, Ho K, Gupta M. Increasing elastic modulus,
strength and CTE of AZ91 by reinforcing pure magnesium with
elemental copper. Mater Lett. 2004;58(16):2143-6.



DE GRUYTER

(82]

(83]

(84]

(87]

(88]

(89]

(90]

(91]

(92]

(93]

(95]

Nayeb-Hashemi A. Phase diagrams of binary magnesium
alloys. Metals Park, Ohio 44073, USA: ASM International;
1988. p. 204-5.

Wu K, Chang H, Maawad E, Gan WM, Brokmeier HG,

Zheng MY. Microstructure and mechanical properties of the
Mg/Al laminated composite fabricated by accumulative roll
bonding (ARB). Mater Sci Eng, A. 2010;527(13):3073-8.
Chai Y, Song Y, Jiang B, Fu J, Jiang Z, Yang Q, et al.
Comparison of microstructures and mechanical properties of
composite extruded AZ31 sheets. ] Magnes Alloy.
2019;7(4):545-54.

Mortensen A, Gungor MN, Cornie JA, Flemings MC. Alloy
microstructures in cast metal matrix composites. Jom.
1986;38(3):30-5.

Wang Z, Tan J, Sun BA, Prashanth KG, Zhang WW, Li YY, et al.
Fabrication and mechanical properties of Al-based

metal matrix composites reinforced with MggsCu,0ZnsYo
metallic glass particles. Mater Sci Eng, A. 2014;600:53-8.
Wang X, Xu D, Wu R, Chen X, Peng Q, Jin L, et al. What is going
on in magnesium alloys? ] Mater Sci Technol.
2018;34(2):245-7.

Rahimian M, Parvin N, Ehsani N. Investigation of particle
size and amount of alumina on microstructure and
mechanical properties of Al matrix composite made by
powder metallurgy. Mater Sci Eng, A. 2010;527(4-5):1031-8.
Wang X, Wang N, Wang L, Hu X, Wu K, Wang Y, et al.
Processing, microstructure and mechanical properties of
micro-SiC particles reinforced magnesium matrix composites
fabricated by stir casting assisted by ultrasonic treatment
processing. Mater Des. 2014;57:638-45.

Bhaskar S, Kumar M, Patnaik A. Mechanical and Tribological
overview of ceramic particulates reinforced aluminium alloy
composites. Rev Adv Mater Sci. 2019;58(1):280-94.
Saikrishna N, Reddy GP, Munirathinam B, Dumpala R,
Jagannatham M, Sunil BR. An investigation on the hardness
and corrosion behavior of MWCNT/Mg composites and grain
refined Mg. | Magnes Alloy. 2018;6(1):83-9.

Nie K, Wang X, Wu K, Hu X, Zheng M, Xu L. Microstructure and
tensile properties of micro-SiC particles reinforced magne-
sium matrix composites produced by semisolid stirring
assisted ultrasonic vibration. Mater Sci Eng, A.
2011;528(29-30):8709-14.

Shen M, Wang X, Ying T, Wu K, Song W. Characteristics and
mechanical properties of magnesium matrix composites
reinforced with micron/submicron/nano SiC particles. ) Alloy
Compd. 2016;686:831-40.

Anandan N, Ramulu M. Study of machining induced surface
defects and its effect on fatigue performance of AZ91/15%
SiC, metal matrix composite. ] Magnes Alloy.
2020;8(2):387-95.

Wang X, Wu K, Huang W, Zhang H, Zheng M, Peng D. Study on
fracture behavior of particulate reinforced magnesium matrix
composite using in situ SEM. Compos Sci Technol.
2007;67(11-12):2253-60.

Zhou P, Zhang S, Li M, Wang H, Cheng W, Wang L, et al. The
creep behavior of Mg—9AIl-1Si-1SiC composite at elevated
temperature. ] Magnes Alloy. 2020;8(3):944-51.

You C, Thompson A, Bernstein |. Proposed failure mechanism
in a discontinuously reinforced aluminum alloy. Scr Met.
1987;21(2):181-5.

Design, processes, and properties of Mg-based composites

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

— 727

Wang X, Wu K, Zhang H, Huang W, Chang H, Gan W, et al.
Effect of hot extrusion on the microstructure of a particulate
reinforced magnesium matrix composite. Mater Sci Eng, A.
2007;465(1-2):78-84.

Chen L-Y, Xu J-Q, Choi H, Pozuelo M, Ma X, Bhowmick S, et al.
Processing and properties of magnesium containing a dense
uniform dispersion of nanoparticles. Nature.
2015;528(7583):539-43.

Wong W, Gupta M. Effect of hybrid length scales (micro +
nano) of SiC reinforcement on the properties of magnesium.
Solid State Phenomena. Baech, Switzerland: Trans Tech
Publications Ltd; 2006.

Habibi MK, Hamouda AS, Gupta M. Hybridizing boron carbide
(B4C) particles with aluminum (Al) to enhance the mechan-
ical response of magnesium based nano-composites. ] Alloy
Compd. 2013;550:83-93.

Sankaranarayanan S, Habibi M, Jayalakshmi S, Jia Ai K,
Almajid A, Gupta M. Nano-AIN particle reinforced Mg com-
posites: microstructural and mechanical properties. Mater
Sci Technol. 2015;31(9):1122-31.

Shahin M, Munir K, Wen C, Li Y. Nano-tribological behavior of
graphene nanoplatelet-reinforced magnesium matrix nano-
composites. ] Magnes Alloy. 2021;9(3):895-909.

Feng Z, ZhangY, Tan J, ChenY, Chen, Li}, et al. Large strain
hardening of magnesium containing in situ nanoparticles.
Nanotechnol Rev. 2021;10(1):1018-30.

Zhou D, Qiu F, Wang H, Jiang Q. Manufacture of nano-sized
particle-reinforced metal matrix composites: a review. Acta
Metall Sin-Engl. 2014;27(5):798-805.

Hassan S, Gupta M. Effect of particulate size of Al,05 rein-
forcement on microstructure and mechanical behavior of
solidification processed elemental Mg. ) Alloy Compd.
2006;419(1-2):84-90.

Hassan S, Gupta M. Development of high performance
magnesium nano-composites using nano-Al,03 as reinfor-
cement. Mater Sci Eng, A. 2005;392(1-2):163-8.

Hwang S, Nishimura C, McCormick P. Compressive
mechanical properties of Mg-Ti-C nanocomposite synthe-
sised by mechanical milling. Scr Mater.
2001;44(10):2457-62.

Zhang X, Zhang D, Wu R, Zhu Z, Wang C. Mechanical prop-
erties and damping capacity of (SiC,, + B4C,)/ZK60A Mg alloy
matrix composite. Scr Mater. 1997;37(11):1631-5.

Niu X, Li G, Zhang Z, Zhou P, Wang H, Zhang S, et al.
Simultaneously improving the strength and ductility of
extruded bimodal size SiC,/AZ61 composites: Synergistic
effect of micron/nano SiC, and submicron Mg;,Al;, precipi-
tates. Mater Sci Eng, A. 2019;743:207-16.

Ding C, Hu X, Shi H, Gan W, Wu K, Wang X. Development and
strengthening mechanisms of a hybrid CNTs@ SiC,/Mg-6Zn
composite fabricated by a novel method. ] Magnes Alloy.
2021;9(4):1363-72.

Bhingole P, Chaudhari G, Nath S. Processing, microstructure
and properties of ultrasonically processed in situ
MgO-Al,05-MgAl,0, dispersed magnesium alloy compo-
sites. Compos Part A-Appl S. 2014;66:209-17.

Tun K, Tungala V, Nguyen Q, Chan J, Kwok R, Kuma J, et al.
Enhancing tensile and compressive strengths of magnesium
using nanosize (Al,03 + Cu) hybrid reinforcements. ] Compos
Mater. 2012;46(15):1879-87.



728

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

— Haotian Guan et al.

Moghadam AD, Schultz BF, Ferguson J, Omrani E, Rohatgi PK,
Gupta N. Functional metal matrix composites: self-lubri-
cating, self-healing, and nanocomposites-an outlook. Jom.
2014;66(6):872-81.

Nie K, Zhu Z, Deng K, Han ). Effect of extrusion temperature
on microstructure and mechanical properties of a low-
alloying and ultra-high strength Mg-Zn-Ca-Mn matrix com-
posite containing trace TiC nanoparticles. ] Magnes Alloy.
2020;8(3):676-91.

Nie K, Deng K, Wang X, Gan M, Xu F, Wu K, et al.
Microstructures and mechanical properties of SiC,/AZ91
magnesium matrix nanocomposites processed by multidir-
ectional forging. ) Alloy Compd. 2015;622:1018-26.

Reddy GM, Rao KS, Mohandas T. Friction surfacing: novel
technique for metal matrix composite coating on aluminium-
silicon alloy. Surf Eng. 2009;25(1):25-30.

Farayibi P, Folkes J, Clare AJ. Laser deposition of Ti-6Al-4V
wire with WC powder for functionally graded components.
Mater Manuf Process. 2013;28(5):514-8.

Riabkina-Fishman M, Rabkin E, Levin P, Frage N, Dariel M,
Weisheit A, et al. Laser produced functionally graded tung-
sten carbide coatings on M2 high-speed tool steel. Mater Sci
Eng, A. 2001;302(1):106-14.

Haghshenas M. Mechanical characteristics of biodegradable
magnesium matrix composites: a review. ] Magnes Alloy.
2017;5(2):189-201.

Sharma V, Prakash U, Kumar B. Surface composites by fric-
tion stir processing: a review. ] Mater Process Technol.
2015;224:117-34.

Nie K, Wang X, Xu L, Wu K, Hu X, Zheng M. Effect of hot
extrusion on microstructures and mechanical properties of
SiC nanoparticles reinforced magnesium matrix composite. )
Alloy Compd. 2012;512(1):355-60.

Luo AA. Recent magnesium alloy development for elevated
temperature applications. Int Mater Rev. 2004;49(1):13-30.
Sillekens W, Jarvis D, Vorozhtsov A, Bojarevics V, Badini C,
Pavese M, et al. The ExoMet project: EU/ESA research on
high-performance light-metal alloys and nanocomposites.
Metall Mater Trans A. 2014;45(8):3349-61.

Qi L, LiuJ, Guan J, Zhou J, Li H. Tensile properties and damage
behaviors of Csf/Mg composite at elevated temperature and
containing a small fraction of liquid. Compos Sci Technol.
2012;72(14):1774-80.

Ganguly S, Mondal AK. Influence of SiC nanoparticles addition
on microstructure and creep behavior of squeeze-cast AZ91-
Ca-Sb magnesium alloy. Mater Sci Eng A. 2018;718:377-89.
Labib F, Mahmudi R, Ghasemi HM. High-temperature
mechanical properties of the P/M extruded Mg-SiC, compo-
sites. ] Mater Eng Perform. 2018;27(3):1224-31.

Wang L, Qiu F, Zhao Q, Zha M, Jiang Q. Superior high creep
resistance of in situ nano-sized TiC,/Al-Cu-Mg composite. Sci
Rep. 2017;7(1):4540.

Khorasani F, Emamy M, Malekan M, Mirzadeh H,
Pourbahari B, Krajnak T, et al. Enhancement of the micro-
structure and elevated temperature mechanical properties of
as-cast Mg—Al,Ca-Mg,Ca in-situ composite by hot extrusion.
Mater Charact. 2019;147:155-64.

Aydin F, Turan ME. The effect of boron nitride on tribological
behavior of Mg matrix composite at room and elevated
temperatures. J Tribol. 2019;142(1):011601.

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

(144]

[145]

[146]

[147]

DE GRUYTER

Li X, Yang Y, Cheng X. Ultrasonic-assisted fabrication of
metal matrix nanocomposites. ) Mater Sci.
2004;39(9):3211-2.

Yao Y, Chen L. Processing of B,C particulate-reinforced
magnesium-matrix composites by metal-assisted melt
infiltration technique. ) Mater Sci Technol.
2014;30(7):661-5.

Liu ), Suryanarayana C, Ghosh D, Subhash G, An L. Synthesis
of Mg—Al,05 nanocomposites by mechanical alloying. ] Alloy
Compd. 2013;563:165-70.

Huang Y, Hort N, Anopuo O, Kainer K, Vidrich G, Schiffl A,
et al. Microstructural investigations of Mg-Al alloys con-
taining small amounts of SiC nucleants. Symposium on
Advances in Microstructure-Based Modeling and
Characterization of Deformation Microstructures: TMS 2007
Annual Meeting. The Minerals, Metals and Materials Society;
2007. p. 421-6.

lijima SJ. Helical microtubules of graphitic carbon. Nature.
1991;354(6348):56-8.

Ahmad SI, Hamoudi H, Abdala A, Ghouri ZK, Youssef KM.
Graphene-reinforced bulk metal matrix composites: synth-
esis, microstructure, and properties. Rev Adv Mater Sci.
2020;59(1):67-114.

Greil P. Perspectives of nano-carbon based engineering
materials. Adv Eng Mater. 2015;17(2):124-37.

Ogawa F, Masuda C. Fabrication and the mechanical and
physical properties of nanocarbon-reinforced light metal
matrix composites: a review and future directions. Mater Sci
Eng A. 2021;820:141542.

Van Lier G, Van Alsenoy C, Van Doren V, Geerlings P. Ab initio
study of the elastic properties of single-walled carbon
nanotubes and graphene. Chem Phys Lett.
2000;326(1-2):181-5.

Lee C, Wei X, Kysar JW, Hone J. Measurement of the elastic
properties and intrinsic strength of monolayer graphene.
Science. 2008;321(5887):385-8.

Treacy MJ, Ebbesen TW, Gibson JM. Exceptionally high
Young’s modulus observed for individual carbon nanotubes.
Nature. 1996;381(6584):678—-80.

Behdinan K, Moradi-Dastjerdi R, Safaei B, Qin Z, Chu F, Hui D.
Graphene and CNT impact on heat transfer response of
nanocomposite cylinders. Nanotechnol Rev.
2020;9(1):41-52.

Ko$la K, Olejnik M, Olszewska K. Preparation and properties
of composite materials containing graphene structures and
their applicability in personal protective equipment: a
review. Rev Adv Mater Sci. 2020;59(1):215-42.

Dalton AB, Collins S, Mufioz E, Razal JM, Ebron VH, Ferraris JP,
et al. Super-tough carbon-nanotube fibres. Nature.
2003;423(6941):703-3.

Zeng X, Zhou G, Xu Q, Xiong Y, Luo C, Wu J. A new technique
for dispersion of carbon nanotube in a metal melt. Mater Sci
Eng, A. 2010;527(20):5335-40.

Rashad M, Pan F, Asif M, Li L. Enhanced ductility of Mg-3Al-
1Zn alloy reinforced with short length multi-walled carbon
nanotubes using a powder metallurgy method. Prog Nat Sci-
Mater. 2015;25(4):276-81.

Li Q, Viereckl A, Rottmair CA, Singer RF. Improved processing
of carbon nanotube/magnesium alloy composites. Compos
Sci Technol. 2009;69(7):1193-9.



DE GRUYTER

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

Shimizu Y, Miki S, Soga T, Itoh |, Todoroki H, Hosono T, et al.
Multi-walled carbon nanotube-reinforced magnesium alloy
composites. Scr Mater. 2008;58(4):267-70.

Fang M, Wang K, Lu H, Yang Y, Nutt S. Covalent polymer
functionalization of graphene nanosheets and mechanical
properties of composites. | Mater Chem.
2009;19(38):7098-105.

Yuan QH, Zeng XS, Liu Y, Luo L, Wu JB, Wang Y, et al.
Microstructure and mechanical properties of AZ91 alloy
reinforced by carbon nanotubes coated with MgO. Carbon.
2016;96:843-55.

Ding Y, Xu J, Hu J, Gao Q, Guo X, Zhang R, et al. High per-
formance carbon nanotube-reinforced magnesium nano-
composite. Mater Sci Eng, A. 2020;771:138575.

Rashad M, Pan F, Asif M, Tang A. Powder metallurgy of
Mg-1%Al-1%Sn alloy reinforced with low content of gra-
phene nanoplatelets (GNPs). ) Ind Eng Chem.
2014;20(6):4250-5.

Rashad M, Pan F, Tang A, Asif M, Aamir M. Synergetic effect
of graphene nanoplatelets (GNPs) and multi-walled carbon
nanotube (MW-CNTs) on mechanical properties of pure
magnesium. ] Alloy Compd. 2014;603:111-8.

Chen L-Y, Konishi H, Fehrenbacher A, Ma C, Xu J-Q, Choi H,
et al. Novel nanoprocessing route for bulk graphene nano-
platelets reinforced metal matrix nanocomposites. Scr
Mater. 2012;67(1):29-32.

Rashad M, Pan F, Tang A, Lu Y, Asif M, Hussain S, et al. Effect
of graphene nanoplatelets (GNPs) addition on strength and
ductility of magnesium-titanium alloys. ] Magnes Alloy.
2013;1(3):242-8.

Rashad M, Pan F, Tang A, Asif M, She |, Gou J, et al.
Development of magnesium-graphene nanoplatelets com-
posite. ] Compos Mater. 2015;49(3):285-93.

Rashad M, Pan F, Hu H, Asif M, Hussain S, She J. Enhanced
tensile properties of magnesium composites reinforced with
graphene nanoplatelets. Mater Sci Eng, A. 2015;630:36-44.
Kinloch IA, Suhr J, Lou J, Young JR, Ajayan PM. Composites
with carbon nanotubes and graphene: an outlook. Science.
2018;362(6414):547-53.

Dinaharan I, Vettivel SC, Balakrishnan M, Akinlabi ET.
Influence of processing route on microstructure and wear
resistance of fly ash reinforced AZ31 magnesium matrix
composites. ] Magnes Alloy. 2019;7(1):155-65.

Nguyen Q, Sim Y, Gupta M, Lim CYH. Tribology characteristics
of magnesium alloy AZ31B and its composites. Tribol Int.
2015;82:464-71.

Chelliah NM, Sudarshan, Kraemer L, Singh H, Surappa MK,
Raj R. Stress-rupture measurements of cast magnesium
strengthened by in-situ production of ceramic particles.

) Magnes Alloy. 2017;5(2):225-30.

Han G, Du W, Ye X, Liu K, Du X, Wang Z, et al. Compelling
mechanical properties of carbon nanotubes reinforced pure
magnesium composite by effective interface bonding of
Mg,Ni. ] Alloy Compd. 2017;727:963-9.

Muley AV, Aravindan S, Singh IP. Nano and hybrid aluminum
based metal matrix composites: an overview. Manuf Rev.
2015;2:15.

Deng S, Zhu Y, Qi X, Yu W, Chen F, Fu Q. Preparation of
polyvinylidene fluoride/expanded graphite composites with

Design, processes, and properties of Mg-based composites

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

— 729

enhanced thermal conductivity via ball milling treatment.
RSC Adv. 2016;6:45578-84.

Du X, Zheng K, Liu F, Chen R. Preparation and characteriza-
tion of magnesium matrix composites reinforced with gra-
phene nano-sheets. ] Non-Oxide Glasses. 2017;9(2):25-32.
Huang Y, Li J, Wan L, Meng X, Xie Y. Strengthening and
toughening mechanisms of CNTs/Mg-6Zn composites

via friction stir processing. Mater Sci Eng, A.
2018;732:205-11.

Liu Y, Jiang X, Shi ], Luo Y, Tang Y, Wu Q. Research on the
interface properties and strengthening-toughening
mechanism of nanocarbon-toughened ceramic matrix com-
posites. Nanotechnol Rev. 2020;9(1):190-208.

Parizi MT, Ebrahimi G, Ezatpour H. Effect of graphene nano-
platelets content on the microstructural and mechanical
properties of AZ80 magnesium alloy. Mater Sci Eng, A.
2019;742:373-89.

Nai MH, Wei J, Gupta M. Interface tailoring to enhance
mechanical properties of carbon nanotube reinforced mag-
nesium composites. Mater Des. 2014;60:490-5.

Abazari S, Shamsipur A, Bakhsheshi-Rad HR, Ismail AF,
Sharif S, Razzaghi M, et al. Carbon nanotubes (CNTs)-rein-
forced magnesium-based matrix composites: a comprehen-
sive review. Materials. 2020;13(19):4421.

Say Y, Guler O, Dikici B. Carbon nanotube (CNT) reinforced
magnesium matrix composites: the effect of CNT ratio on
their mechanical properties and corrosion resistance. Mater
Sci Eng, A. 2020;798:139636.

Akinwekomi AD, Law W-C, Tang C-Y, Chen L, Tsui C. Rapid
microwave sintering of carbon nanotube-filled AZ61 magne-
sium alloy composites. Compos Part B-Eng. 2016;93:302-9.
Han G, Shen J, Ye X, Chen B, Imai H, Kondoh K, et al. The
influence of CNTs on the microstructure and ductility of CNT/
Mg composites. Mater Lett. 2016;181:300-4.

Yan Y, Zhang H, Fan ), Wang L, Zhang Q, Hou M, et al.
Improved mechanical properties of Mg matrix composites
reinforced with Al and carbon nanotubes fabricated by spark
plasma sintering followed by hot extrusion. ] Mater Res.
2016;31(23):3745-56.

Paramsothy M, Chan J, Kwok R, Gupta M. Addition of CNTs to
enhance tensile/compressive response of magnesium alloy
ZK60A. Compos Part A-Appl S. 2011;42(2):180-8.

Liang J, Li H, Qi L, Tian W, Li X, Zhou ), et al. Influence of Ni-
CNTs additions on the microstructure and mechanical prop-
erties of extruded Mg-9Al alloy. Mater Sci Eng, A.
2016;678:101-9.

Yuan Q-h, LiuY, Zhou G, Li Q, Li S, Zeng X. Microstructure and
mechanical properties of AZ91 alloy reinforced by carbon
nanotubes and graphene nanosheets. ) Netshape Form Eng.
2020;12(5):37-45.

Sun F, Shi C, Rhee KY, Zhao N. In situ synthesis of CNTs in Mg
powder at low temperature for fabricating reinforced Mg
composites. ] Alloy Compd. 2013;551:496-501.

Yuan Q-h, Zhou G-h, Liao L, Liu Y, Luo L. Interfacial structure
in AZ91 alloy composites reinforced by graphene
nanosheets. Carbon. 2018;127:177-86.

Ye J, Chen X, Li ], Liu C, Wu B, Pan F. Microstructure and
compressive properties of Mg-9Al composite reinforced with
Ni-coated graphene nanosheets. Vacuum. 2020;181:109629.



730

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

— Haotian Guan et al.

Park Y, Cho K, Park I, Park Y. Fabrication and mechanical
properties of magnesium matrix composite reinforced

with Si coated carbon nanotubes. Procedia Eng.
2011;10:1446-50.

Che Y, Zhang C, Song J, Shang X, Chen X, He J. The sili-
cothermic reduction of magnesium in flowing argon and
numerical simulation of novel technology. | Magnes Alloy.
2020;8(3):752-60.

Wan X, Zhang J, Mo X, Pan F. 3D atomic-scale growth char-
acteristics of {10-12} twin in magnesium. ] Magnes Alloy.
2019;7(3):474-86.

Briffod F, Shiraiwa T, Enoki M. The effect of the 18R-LPSO
phase on the fatigue behavior of extruded Mg/LPSO two-
phase alloy through a comparative experimental-numerical
study. ] Magnes Alloy. 2021;9(1):130-43.

Jiang Q, Zhang Q, Wu X, Wu L. Interfacial characteristics of a
carbon nanotube-polyimide nanocomposite by molecular
dynamics simulation. Nanotechnol Rev. 2020;9(1):136-45.
Zhou X, Liu Z, Su F, Fan Y. Magnesium composites with hybrid
nano-reinforcements: 3D simulation of dynamic tensile
response at elevated temperatures. T Nonferr Met Soc.
2021;31(3):636-47.

Mohamad Rodzi SNH, Zuhailawati H, Dhindaw BK.
Mechanical and degradation behaviour of biodegradable
magnesium-zinc/hydroxyapatite composite with different
powder mixing techniques. ] Magnes Alloy.
2019;7(4):566-76.

Zhou H, Liang B, Jiang H, Deng Z, Yu K. Magnesium-based
biomaterials as emerging agents for bone repair and regen-
eration: from mechanism to application. ] Magnes Alloy.
2021;9(3):779-804.

Yadav V, Sankar M, Pandey L. Coating of bioactive glass on
magnesium alloys to improve its degradation behavior:
Interfacial aspects. ] Magnes Alloy. 2020;8(4):999-1015.
Mei H, Xian H, Xue F, Deng P. In vitro corrosion behavior and
biocompatibility of biodegradable magnesium-pearl powder
metal matrix composite. | Alloy Compd. 2016;663:156—65.
Radha R, Sreekanth D. Insight of magnesium alloys and
composites for orthopedic implant applications—a review.

) Magnes Alloy. 2017;5(3):286-312.

Yin Z, Qi W, Zeng R, Chen X, Gu C, Guan S, et al. Advances in
coatings on biodegradable magnesium alloys. ] Magnes
Alloy. 2020;8(1):42-65.

Munir K, Wen C, Li Y. Graphene nanoplatelets-reinforced
magnesium metal matrix nanocomposites with superior
mechanical and corrosion performance for biomedical
applications. ] Magnes Alloy. 2020;8(1):269-90.

Radha R, Sreekanth D. Mechanical and corrosion behaviour
of hydroxyapatite reinforced Mg-Sn alloy composite by
squeeze casting for biomedical applications. ] Magnes Alloy.
2020;8(2):452-60.

Sezer N, Evis Z, Ko¢ M. Additive manufacturing of biode-
gradable magnesium implants and scaffolds: review of the
recent advances and research trends. | Magnes Alloy.
2021;9(2):392-415.

Rahman M, LiY, Wen C. HA coating on Mg alloys for biomedical
applications: a review. ] Magnes Alloy. 2020;8(3):929-43.
Carangelo A, Acquesta A, Monetta T. Durability of AZ31 mag-
nesium biodegradable alloys polydopamine aided.

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

DE GRUYTER

Part 2: ageing in Hank’s solution. ] Magnes Alloy.
2019;7(2):218-26.

Dornheim M, Doppiu S, Barkhordarian G, Boesenberg U,
Klassen T, Gutfleisch O, et al. Hydrogen storage in magne-
sium-based hydrides and hydride composites. Scr Mater.
2007;56(10):841-6.

Zhang |, Yan S, Xia G, Zhou X, Lu X, Yu L, et al. Stabilization of
low-valence transition metal towards advanced catalytic
effects on the hydrogen storage performance of magnesium
hydride. ] Magnes Alloy. 2021;9(2):647-57.

Yao P, JiangV, LiuY, Wu C, Chou K, Lyu T, et al. Catalytic effect
of Ni@rGO on the hydrogen storage properties of MgH,.

) Magnes Alloy. 2020;8(2):461-71.

Jeon K-J, Moon HR, Ruminski AM, Jiang B, Kisielowski C,
Bardhan R, et al. Air-stable magnesium nanocomposites
provide rapid and high-capacity hydrogen storage without
using heavy-metal catalysts. Nat Mater. 2011;10(4):286-90.
Imamura H, Masanari K, Kusuhara M, Katsumoto H, Sumi T,
Sakata Y. High hydrogen storage capacity of nanosized
magnesium synthesized by high energy ball-milling. ] Alloy
Compd. 2005;386(1-2):211-6.

Ramkumar T, Selvakumar M, Vasanthsankar R,
Sathishkumar A, Narayanasamy P, Girija G. Rietveld refine-
ment of powder X-ray diffraction, microstructural and
mechanical studies of magnesium matrix composites pro-
cessed by high energy ball milling. ] Magnes Alloy.
2018;6(4):390-8.

Li W, Hu S, Hao Y, Dai J, Wang Q, Xu Y. Hydrogen storage
property of Mg-Ni-TiO,-CNTs composites. Int ] Mod Phys B.
2009;23:1358-64.

Rashad M, Pan F, Asif M, Chen X. Corrosion behavior of
magnesium-graphene composites in sodium chloride solu-
tions. ] Magnes Alloy. 2017;5(3):271-6.

Banerjee S, Poria S, Sutradhar G, Sahoo P. Corrosion beha-
vior of AZ31-WC nano-composites. ] Magnes Alloy.
2019;7(4):681-95.

Li Q, Turhan M, Rottmair C, Singer R, Virtanen SJM. Influence
of MWCNT dispersion on corrosion behaviour of their Mg
composites. Mater Corros. 2012;63(5):384-7.

Tiwari S, Balasubramaniam R, Gupta M. Corrosion behavior
of SiC reinforced magnesium composites. Corros Sci.
2007;49(2):711-25.

Liu P, Wang J, Yu X, Chen X, Li S, Chen D, et al. Corrosion
resistance of bioinspired DNA-induced Ca-P coating on bio-
degradable magnesium alloy. ] Magnes Alloy.
2019;7(1):144-54.

Nezamdoust S, Seifzadeh D, Rajabalizadeh Z. Application of
novel sol-gel composites on magnesium alloy. ] Magnes
Alloy. 2019;7(3):419-32.

Qian K, Li W, Lu X, Han X, Jin Y, Zhang T, et al. Effect of
phosphate-based sealing treatment on the corrosion per-
formance of a PEO coated AZ91D mg alloy. ] Magnes Alloy.
2020;8(4):1328-40.

Schaller R. Metal matrix composites, a smart choice for high
damping materials. ] Alloy Compd. 2003;355(1-2):131-5.
Ebrahimi M, Zhang L, Wang Q, Zhou H, Li W. Damping per-
formance of SiC nanoparticles reinforced magnesium matrix
composites processed by cyclic extrusion and compression.
J Magnes Alloy. 2021. doi: 10.1016/j.jma.2021.07.024.



	1 Introduction
	2 Metallic-reinforced Mg-based composites
	3 Ceramic-reinforced Mg-based composites
	4 Carbon-reinforced Mg-based composites
	5 Other functional Mg-based composites
	6 Summary and outlook
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


