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Abstract In the last two decades, light-weight magnesium matrix composites have been the hot issue of material field due

to their excellent mechanical and physical properties, e.g., high-specific strength and modulus, good wear resistance, and

damping capacity. As compared with aluminum matrix composites, magnesium matrix composites have merit in their

specific weight and have wide applications in aerospace and aeronautical fields. Generally, the processing techniques for

magnesium matrix composites can be categorized as conventional and special processing routes. In recent years, as a

special processing route, metal melt infiltration into porous ceramic preform featured by its low cost and availability of

high-volume fraction of reinforced ceramics have been receiving much attention. Thus, in this review, one emphasis was

put on the description of this processing technique in association with the means to obtain good wettability, the prerequisite

for this kind of processing method. Based on the recognized fact that there exist clean interface and bonding ability

between ceramics and matrix metal, in-situ reaction synthesis is usually utilized to fabricate magnesium matrix composites.

Therefore, the interfacial feature was also reviewed for the in-situ reaction synthesis. Characterizations of microstructures

and various mechanical–physical properties were finally summarized for magnesium matrix composites including tensile

response, wear resistance, creep behavior, and damping capacity.

KEY WORDS: Magnesium matrix composites; Processing; Microstructure; Mechanical properties;

Wettability; Interface

1 Introduction

Magnesium alloys have been receiving much attention in

automotive and electronic industries since the early 1990s,

which is mainly due to the fact that magnesium alloys

possess light weight, excellent damping capacity, cast-

ability, and machinability [1]. However, insufficient high-

temperature strength and poor corrosion resistance of the

magnesium alloys limit their extensive applications [2].

The need for high performance and light-weight materials

in aerospace and aeronautical industries has become

increasingly urgent in recent years, which lead to extensive

research in processing magnesium matrix composites with

cost-effective technologies.

Magnesium matrix composites refer to a kind of material

consisting of rigid ceramic reinforcement and magnesium

matrix, which combine metallic properties of magnesium

(low density, ductility, and damping capacity) with ceramic

characteristics (high strength, wear resistance, and high

modulus), leading to greater strength and higher service

temperature capabilities. As a result, magnesium matrix

composites exhibit rather high-specific strength, wear resis-

tance, excellent thermal and electrical conductivities, and

good damping capacity, and became attractive candidates for

structural and functional materials [3–6].
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For instance, magnesium matrix composites reinforced

with SiCp exhibit better wear resistance (improved by

15%–30%) than the monolithic alloy under lower loads [7].

Moreover, the selection of the constitution of composite

materials is flexible so that the properties of the materials

can be readily tailored. However, the high cost of magne-

sium matrix composites impeded their popularization in

daily life, which can be mainly attributed to the relatively

high cost of the reinforcing materials and the fabrication

process. Therefore, research and development of a cost-

effective processing route and effective reinforcements have

been the major issues for expanding their applications.

It is well known that the properties of magnesium matrix

composites are controlled by the size and volume fraction of

the reinforcements, and the reinforcements can be catego-

rized into fibers, whiskers, and particulates. The particulate-

reinforced metal matrix composites are of particular interest

owing to their low cost, ease of fabrication, and isotropic

properties [8]. The availability of a wide variety of rein-

forcing materials and the development of new processing

techniques make magnesium matrix composites increasingly

attractive. Considering the potential of magnesium matrix

composites as advanced functional and structural materials,

it is necessary to review the main processing routes and their

features so as to choose the appropriate processing method

for a specific metal/ceramic system.

For some liquid processing methods, e.g., pressureless

infiltration, it is difficult to realize the composite process-

ing just due to the poor wettability between the matrix

materials and the reinforcements. So, in order to achieve

the effectiveness of composite processing by these meth-

ods, there is a need to have an overall understanding about

wettability and useful technologies to improve it. To real-

ize the rational and sufficient application of magnesium

matrix composites, evaluation of the strength, wear and

creep behaviors, and damping capacity of magnesium

matrix composites is also presented in this review.

2 Processing Routes for Magnesium Matrix

Composites

In order to optimize the microstructure and mechanical

properties of magnesium matrix composites, a variety of

processing methods have been developed over the last two

decades. As mentioned above, they can be grouped as

conventional and special processing routes.

2.1 Conventional Processing

For the preparation of metal matrix composites, three well-

established processing methods have been widely recog-

nized such as stir casting, squeeze casting, and powder

metallurgy (PM), and they have been also adopted to

prepare magnesium matrix composites.

2.1.1 Stir Casting

Stir casting refers to a process in which the reinforcements

(usually in powder form) are introduced into molten magne-

sium through mechanical stirring, and mechanical stirring is

the key element of this method. Stir casting process of fabri-

cating metal matrix composites was initiated by Ray in 1968

[9]. Extensive researches about magnesium matrix compos-

ites fabricated by this method have been conducted during the

past years.

Figure 1 shows the schematic for fabricating submicron

SiCp-reinforced AZ91 magnesium matrix composites by

stir casting. It was found that the content of submicron SiCp

has a significant influence on the grain refinement and

strengthening effect of the composites [10, 11]. Besides,

stir casting was adopted in combination with other fabri-

cation methods to fabricate magnesium matrix composites.

For instance, stir casting and self-propagating high-tem-

perature synthesis (SHS) reaction were combined to pro-

cess magnesium matrix composites reinforced with in-situ

reinforcements embedded in magnesium matrix [12].

The major merit of stir casting is its applicability to

mass production. Among the well-established processing

methods, stir casting is the most economic. Stir casting also

has some disadvantages: (1) a homogeneous distribution of

reinforcements is requisite for achieving a high-strength-

ening effect, but a uniform distribution is relatively hard to

obtain for stir casting; (2) reinforcing particles may be

segregated caused by the surfacing of settling of the rein-

forcement in melting and casting process; and (3) gases and

unwanted inclusions may be entrapped during stir casting.

2.1.2 Squeeze Casting

During squeeze casting, the reinforcement (either particles

or fiber/whiskers) is usually made into a preform and

placed into a casting mold. The molten magnesium alloy is

then poured into the mold and solidified under high pres-

sure. As a result, squeeze casting was also called pressure

Fig. 1 Schematic of fabricating magnesium matrix composites reinforced by submicron SiCp by stir casting [10, 11]
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infiltration. Figure 2 illustrates the schematic diagram of

squeeze casting to fabricate (Mg2B2O5w ? B4Cp)/AZ91D

hybrid or Mg2B2O5w/AZ91D singular magnesium matrix

composites, and it was found that B4Cp has a more sig-

nificant contribution to the flexural properties of the com-

posites than Mg2B2O5w and the flexural strength of the

hybrid composites is obviously higher than that of the

singular composite [13].

Compared with stir casting, a unique feature of squeeze

casting is that metal can be pressurized throughout solidi-

fication and this prevents the formation of gas and

shrinkage porosity, and produces a metallurgically sound

casting [14]. The major shortcomings mainly lie in the

constraints by the casting shape, its dimensions, and low

suitability for large quantity automatic production [2]. In

fabricating magnesium matrix composites by squeeze

casting, the applied pressure must be properly controlled

because an extensively high pressure may produce a tur-

bulent flow of molten magnesium and then causes gas

entrapment and magnesium oxidation.

2.1.3 Powder Metallurgy

In PM process, magnesium and reinforcement powders are

mixed and pressed, degassed, and sintered at a certain

temperature under a controlled atmosphere or in a vacuum.

PM manufacturing method is usually used to fabricate

magnesium matrix composites reinforced with boron car-

bide particulates, and the schematic of this method is shown

in Fig. 3. It was found that B4C particulates show a necklace

distribution in the matrix and there exists minimal micro-

porosity. Besides, MgO and MgB2 were formed in B4C/Mg

system, and the mechanical properties are increased with

increasing the amount of B4C particulates [15]. Ball milled

Al ? CNT reinforced magnesium matrix composites were

also fabricated by PM route, and significant grain refinement

and the presence of minimal porosity were found during the

characterization of microstructures [16].

PM method has several attractive features for preparing

magnesium matrix composites: (1) it allows any alloy to be

used as the matrix and any kind of reinforcements to be

used because the reaction between the matrix and rein-

forcement can be minimized by this method [17]; (2) it

need not have too high manufacturing temperature but can

gain a uniform distribution of reinforcement; and (3)

compared with stir casting, PM technique can gain a larger

volume fraction of ceramic reinforcements [15]. However,

this method requires alloy powders that are generally more

expensive than bulk material, and involves some compli-

cated processes during the fabrication of material. Thus,

PM process is costlier than other processes for the mag-

nesium matrix composites.

2.2 Special Processing

In addition to the three well-established processing meth-

ods described above, a number of other techniques have

been developed for fabricating magnesium matrix com-

posites, such as pressureless infiltration, in-situ reaction

synthesis, mechanical alloying, and spray forming.

2.2.1 Pressureless Infiltration

Pressureless infiltration is one of the most competitive

techniques for fabricating magnesium matrix composites.

Pressureless infiltration is a process in which a porous

preform was infiltrated by liquid metal without the aid of

any externally applied force [18]. This method combines

internal simplicity, cost effectiveness, near-net shaping,

and significant flexibility in composition [18, 19]. In the

infiltration process, molten alloys flow through the chan-

nels of the reinforcement bed or preform under the capil-

lary action. However, the prerequisite for this kind of

processing method is of good wettability between the metal

matrix and the ceramic reinforcements [20], which means,

in order to gain good infiltration during pressureless

Fig. 2 Schematic of squeeze casting process to produce Mg2B2O5w ? B4Cp reinforced hybrid or Mg2B2O5w reinforced singular AZ91D

magnesium matrix composites [13]

Fig. 3 Schematic of fabricating B4Cp-reinforced magnesium matrix composites by powder metallurgy

764 L. Chen, Y. Yao: Acta Metall. Sin. (Engl. Lett.), 2014, 27(5), 762–774

123



infiltration, it is necessary to improve the wettability

between the matrix and reinforcements.

Wetting is affected between a metal and a liquid when

the strength of the interfacial bond exceeds the surface

tension of the liquid. Wettability can be evaluated by

measuring the contact angle, h (see Fig. 4), formed

between a solid and a liquid, defined by Young’s equation

[21].

csg ¼ clg cos hþ csl; ð1Þ

where, csg, clg, and csl are the interfacial tension between

solid and gas, liquid and gas, and solid and liquid phases,

respectively. Therefore, wetting is possible to occur when

csg [ csl (i.e., h\ 90�).

Wettability between the molten metal matrix and the

reinforcement usually depends on the intrinsic properties of

the material and the surface condition of the particles [2].

Wetting can be improved by promoting a decrease in the

contact angle through increasing the surface tension of the

solid, decreasing the solid–liquid interfacial energy or the

surface tension of the liquid metal. In practice, wetting can

be improved by applying metallic coatings to the ceramic

particulates, alloying the metallic matrix with reactive

materials or heat treating the ceramic particulates [22].

Generally, the wettability of the matrix and the rein-

forcements is not very well mainly because of the high-

surface tension of the molten metal [22]. For general sys-

tems, such as Mg–Ti–C, Mg–Ti–B, and B4C–Mg systems,

the wettability is not so well that the preparation of mag-

nesium matrix composites reinforced with ceramic partic-

ulates using pressureless infiltration is not easy to realize.

In order to improve the wettability of general system,

raising temperature may be effective, but that was not

practical for these systems because magnesium was

chemically active and flammable. A third metal with higher

melting point and immiscible with magnesium matrix, e.g.,

Ti, can be introduced into B4C powder to reduce the sur-

face tension of the Mg melt and the liquid–solid interfacial

tension, and magnesium matrix composites reinforced with

boron carbide particulates were successfully obtained

owing to the addition of little amount of Ti [23]. Figure 5

shows the infiltration distance of Mg melt with different

amounts of Ti addition under various fabricating condi-

tions, and it can be seen that the infiltration distance

increased with the increasing of Ti content, which means

that Ti plays an important role in improving the wettability

of Mg melt and B4C powder.

2.2.2 In-situ Reaction Synthesis

In-situ reaction synthesis is a relatively new processing

method, wherein the reinforcements are directly synthe-

sized in the metallic matrix by chemical reactions between

elements or between elements and compounds. Besides,

the size of the in situ formed reinforcement could be

modified by adding alloying elements. Therefore,

Fig. 4 Definition of the contact angle

Fig. 5 Curves showing the infiltration distance of Mg melt versus Ti content under different heating temperatures for 120 min a, holding for

different times at 973 K b for fabricating B4C/Mg composites by pressureless infiltration [23]
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magnesium matrix composites fabricated by this method

can exhibit excellent mechanical properties because of the

formation of ultra-fine, uniformly distributed and thermo-

dynamically stable ceramic reinforcements with clean

reinforcement-matrix interfaces [24, 25].

However, the process requires that the reaction system

be carefully screened. Favorable thermodynamics of the

anticipated reaction is the prerequisite for the process to be

applicable. Reasonably fast reaction kinetics is also

required to make the fabrication process practical. In recent

years, a new technique termed as in-situ reactive infiltra-

tion process that combined the in-situ synthesis with

pressureless infiltration has been explored for magnesium

matrix composites, and composites with a near-net shape

and homogeneous distribution of reinforcements and clean

interface between the matrix and reinforcements can be

obtained and exhibit excellent mechanical properties

[26–30]. Figure 6 shows the schematic illustration of the

in-situ reactive infiltration process of fabricating TiC/Mg

composites with interpenetrating networks.

2.2.3 Mechanical Alloying

Mechanical alloying was developed in the late 1960s [31].

Mechanical alloying is a solid state powder processing

method which involves repeated cold welding and fracture

of particles as a result of the high-energy ball-sample

collisions [32, 33]. Along with the refining of the powders,

some solid state chemical reactions may also occur, driven

by high-mixing energy. Thus, materials of unique micro-

structures and properties can be produced during mechan-

ical alloying. Numerous magnesium matrix composites

reinforced by silicide [34], carbide [35], and boride [36]

have been fabricated by mechanical alloying. Compared to

other processing routes, mechanical alloying has been

shown to be a promising technique for producing metal

matrix nano-composites with high-volume fraction of

reinforcements [37] and resulting in exchange reactions

and phase transformations due to the application of

mechanical energy [38]. The major disadvantage of

mechanical alloying is that it usually takes a long time and

because of this the milled powder is likely to be contami-

nated. However, when dealing with materials containing

oxides, this should not be a serious problem.

2.2.4 Spray Forming

Spray forming, also termed as spray deposition, is a pro-

cess during which an atomized stream of molten material

droplets is directed onto a substrate to build up bulk

metallic materials [2]. For magnesium matrix composites,

reinforcing particles are injected into the stream of the

atomized matrix materials. Spray deposition process pro-

vided some advantageous features: (1) the contact time

between the melt and the reinforcing particles is short, so

the reaction between the melt and reinforcing particles is

limited; (2) a wider range of reinforcements are possible

provided that the as-sprayed billets are not remelted; and

(3) the cost of composites prepared by this method should

be intermediate between powder processed composites and

material made by the mixing method. Spray forming is a

hybrid rapid solidification process. Due to the high-cooling

rate, the sprayed composites usually show microstructural

features typical of rapid solidification processes such as

fine grains, porosity, and the absence of brittle phases at the

interface.

3 Microstructural Characterizations

Owing to the variety of the fabrication methods and the

type and quantity of the ceramic reinforcements, the

microstructure of the as-fabricated composites differs a lot.

For stir casting, maybe there exist aggregation and

Fig. 6 Schematic of in-situ reactive infiltration process for fabricating magnesium matrix composites [26]
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segregation of particles, which limit the volume fraction of

the reinforcement incorporated into the matrix. Besides, the

reactivity of the reinforcement with the matrix metal

should be taken into consideration. For spray forming, it

may not be so sensitive to the reactivity of the reinforce-

ment and the matrix, but the size and volume fraction are

also restricted. Therefore, it is essential to well understand

the microstructure of magnesium matrix composites in

order to optimize the mechanical properties. In this section,

the major concern will be paid to the microstructural

characterization of the magnesium matrix composites.

3.1 Morphology and Distribution of the Reinforcement

Because of the difference of the reinforcements incorpo-

rated into the metal matrixes, the morphology and distri-

bution of the reinforcements were desperately different.

Fiber-reinforced magnesium matrix composites, such as

carbon fiber-reinforced magnesium matrix composites, as

shown in Fig. 7 [39], have different microstructures in

longitudinal and transverse sections and generally lead to

anisotropic properties in those two directions.

Different from the directional distribution of the fibers,

whiskers in the whiskers reinforced magnesium matrix

composites usually have random orientation. Figure 8

shows the SEM micrograph of the as-received Mg2B2O5

whiskers and the optical micrograph of the Mg2B2O5

whiskers in the magnesium matrix [40]. From Fig. 8b, it

can be seen that the whiskers in magnesium matrix have a

uniform distribution and random orientation, and the sur-

face of the Mg2B2O5 whiskers is clean and flat.

Ceramic particles are the most widely used and studied

reinforcement for magnesium matrix composites. How-

ever, depending on the processing conditions and the shape

and relative size of the matrix and reinforcement, the

microstructure of the particle-reinforced magnesium matrix

composites tends to be more complex. For instance, if the

matrix powder is much larger than the reinforcement, the

Fig. 7 Microstructures of M40J carbon fiber-reinforced Al-4.7 wt% Mg composites after 5 vol% NaOH solution etching in longitudinal a,

transverse b sections [39]

Fig. 8 SEM micrograph of Mg2B2O5 whiskers a, optical image of the as-cast AZ91D-based composite with 50 vol% Mg2B2O5 whiskers b [40]
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reinforcing particles tend to agglomerate in the interstices

of the coarse particles and then the reinforcement will be

inhomogeneously distributed in the final product [15].

For molten metal mixing methods, the situation is more

complicated because of the following stages: distributing

during the mixing, distributing after mixing but before

solidification, and redistributing during solidification. The

prime advantage of particle-reinforced metal matrix com-

posites is that the billets of the composites can be further

mechanically processed and that the microstructure and

properties of the composites may be changed during the

following processing stages [41].

Figure 9 shows the typical microstructure of composites

fabricated by stir casting before and after hot deformation,

and it can be seen that the SiC particle clusters that initially

are segregated in some areas in the as-cast composites

disappeared in the as-deformed composites, which means

that hot deformation process plays a significant role in

improving particle distribution [10]. So, the processing

conditions at all stages should be cautiously manipulated in

order to avoid gas entrapment or segregation of the rein-

forcing particles.

In recent years, in-situ magnesium matrix composites

have received much attention. Compared with the ex situ

composites, the reinforcing particles within the metal

matrix are more uniformly distributed and tend to be much

finer than the ex situ ones, ranging from 0.1 to 3 lm.

Besides, the reinforcement in situ synthesized may present

interpenetrating networks, which would be beneficial for

the interfacial and then the mechanical properties of the as-

fabricated composites. Figure 10 shows a typical micro-

structure of magnesium matrix composites reinforced with

a network of TiC synthesized by in-situ reactive infiltration

technique [26].

3.2 Interfacial Features

Understanding the interfacial structure and behavior of the

reinforcement and matrix in magnesium matrix composites

is of great importance, because this region controls the

Fig. 9 Optical micrograph of the as-cast a, SEM image of the as-deformed b SiCp/AZ91 composites [41]

Fig. 10 SEM microstructure at low magnification a, high magnification b of the as-fabricated TiC/Mg composites synthesized at 1,073 K [26]

768 L. Chen, Y. Yao: Acta Metall. Sin. (Engl. Lett.), 2014, 27(5), 762–774

123



efficiency of load transfer from matrix to reinforcement

[42]. In this section, the interfacial features in some com-

mon magnesium matrix composites will be discussed in

order to get insight into the nature of magnesium matrix

composites.

Reinforcement has a great influence on the microstruc-

ture or morphology of the interface of the reinforcement

with matrix metal. It was found that the morphology of the

precipitate and the interfacial microstructure of the mag-

nesium matrix composites reinforced with carbon fibers

and graphite fibers were different, although fabricated by

the same processing methods. There was an interface layer

and lots of Mg17Al12 particles discontinuously precipitated

in composites reinforced with carbon fibers, while no dis-

tinct interface layer but massive, continuous precipitates

particles were found at the interface of the composites

reinforced with the graphite ones [43].

Interfacial reactions between the ceramic reinforcement

and matrix metals can generally improve the wetting and

bonding between them. For example, during fabricating

boron carbide-reinforced magnesium matrix composites,

B4C was oxidized and an amorphous B2O3 layer was

produced. Then, the layer reacted with molten magnesium

and produced MgB2 and MgO. Figure 11 shows the TEM

micrographs of the interface region between B4C particle

and Mg matrix, and it can be seen that two kinds of

reaction products with different morphologies, block-like

and granular compounds, were produced. It was also found

that the intimate bonding between MgB2 and the rein-

forcements and the matrix is beneficial to the strengthening

of this kind of composite [44]. Besides, the following

factors may have an influence on the interfacial reactions:

(1) the composition of the matrix and the reinforcement;

(2) porosity; and (3) the surface cleanliness of the raw

materials. Therefore, in order to obtain composite materials

with the desired microstructure and properties, the

interfacial reaction should be carefully controlled through

selecting appropriate matrix and reinforcement materials,

conducting appropriate surface treatment of the reinforce-

ment, and correctly controlling the processing parameters

[2].

4 Mechanical Properties of Magnesium Matrix

Composites

Compared to the unreinforced matrix materials, the major

attraction of composite is the capability of improving some

mechanical properties, such as tensile strength, creep

resistance, wear resistance, and damping capacity. How-

ever, the homogeneity of composites is of crucial impor-

tance for high performance applications of this kind of

material. Inhomogeneous distribution of reinforcement

may lead to lower ductility, strength, and toughness of the

composites [8]. Therefore, a discussion of the mechanical

behavior of magnesium matrix composite will be

presented.

4.1 Tensile Behavior

The ultimate tensile strength of magnesium matrix com-

posites was much higher than that of the unreinforced

matrix alloys; thus, magnesium matrix composites were

considered as attractive selections for high performance

structural materials to be applied in the automotive and

aerospace industries [45]. Generally, the improvement of

strength resulting from the addition of reinforcements into

the matrix is normally at the cost of some other properties,

such as the ductility [2]. Table 1 shows the result of the

density and room temperature tensile property measure-

ments of magnesium matrix composites reinforced with

TiB2 ? TiC ceramic particulates, and it shows increases in

Fig. 11 TEM micrographs of interfacial reaction products with different morphologies: a block-like and granular; b rod-like and granular

reaction products
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0.2% yield and ultimate tensile strengths compared to the

unreinforced AZ91 alloy, but the ductility was adversely

affected [24].

Some researches have been focused on increasing the

strength and ductility of magnesium matrix composites

simultaneously in recent years. For instance, aluminum–

carbon nanotube (Al–CNT)-reinforced magnesium matrix

composites synthesized by PM route using microwave-

assisted rapid sintering technique followed by hot extrusion

exhibited higher yield strength, ultimate tensile strength,

and ductility than the unreinforced ones, which means that

for this kind of composites both strength and ductility can

be enhanced [46].

The key strengthening mechanisms for magnesium-

based composites were particle strengthening, work hard-

ening, load transfer, and grain refinement of the matrix

alloy by the reinforcement phases [2]. There were numer-

ous factors influencing the yield and tensile strengths of the

particulate-reinforced magnesium matrix composites: (1)

the volume fraction of reinforcement. With the increasing

of the volume fraction of reinforcements, the strength of

composites generally increases, and the magnitude of the

increase depends on the volume fraction of the reinforce-

ment; (2) the intrinsic nature of the matrix alloy. Alloys

exhibiting relatively high strength usually result in an

increase in the strength of magnesium matrix composites;

and (3) the interfacial bond between the matrix and the

reinforcement. The interfacial bonding between the matrix

and the reinforcement indicated the ability of composites to

transfer stress from the matrix to the stronger reinforcing

particles, which determined whether the strengthening can

be achieved.

4.2 Wear Resistance

It is known that magnesium alloys exhibit poor wear

resistance during sliding because of their softness. Such

disadvantages will restrict their use in tribological condi-

tions. Generally, ceramic reinforcements have a beneficial

effect on the improvement of the wear resistance of mag-

nesium alloys. Extensive investigations about the wear

resistance of magnesium alloys, such as AZ91HP [47],

AM60 [48], QE22 [49], and AE42 [50], based composites

reinforced with fibers, nano-tubes or particulates have been

carried out.

For instance, the wear resistance of magnesium matrix

composites reinforced with only 1.11 vol% nano-alumina

(n-Al2O3) particles had been raised up to 1.8 times over

than that of unreinforced ones [51]. n-Al2O3 particles and

CNTs were used to improve the wear resistance of mag-

nesium alloys, and the wear of composites independently

reinforced with n-Al2O3 is lower than that of the CNTs

reinforced composites [52].

Figure 12 shows the volumetric wear loss as a function

of sliding cycles of alumina fibers reinforced magnesium

matrix composites. It can be seen that the wear resistance

of the magnesium-based composites increased 104 times

more than that of the unreinforced magnesium alloy, and

Table 1 Density and room temperature tensile properties of AZ91 alloy and (TiB2 ? TiC)/Mg composites [24]

Materials Density (g/cm3) Modulus (GPa) 0.2%YS (MPa) UTS (MPa) Ductility (%)

AZ91 1.81 45 ± 2 82 ± 3 233 ± 0 6.0 ± 0.5

Mg/(TiB2 ? TiC) 1.93 53 ± 2 95 ± 2 298 ± 2 2.4 ± 0.4

Fig. 12 Volumetric wear loss versus sliding cycles for (Al2O3)f/AM60 composites: a with different addition contents of Al2O3 fibers at 2.0 N;

b under different loads for AM60-9% (Al2O3)f at 298 K [53]
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the wear resistance increased with the increasing content of

alumina fibers [53]. Besides, compared with the macro-

ceramic-reinforced magnesium matrix composites, nano-

reinforcement fallen off from the bulk material is not likely

to be used as abrasive materials and those micro-bulge can

restrict the plastic slow of the matrix material, so the nano-

composites have better high-temperature wear resistance.

It is known that there were two factors influencing the

wear of the composites: the hardness and friction coeffi-

cient. Under different conditions, the predominant factor

may be different. For instance, for magnesium-based

composites reinforced with n-Al2O3 particles and CNTs

with different compositions, under or below 1.30 MPa, the

dominant factor was the hardness of the composites. So,

the composite reinforced with 0.2 wt% A12O3 and 0.1 wt%

CNTs whose hardness is the highest exhibits the least wear

among all the materials. However, when the normal load is

higher than 1.30 MPa, the dominant factor was the friction

coefficient. So, the composite reinforced with 0.1 wt%

A12O3 and 0.2 wt% CNTs whose friction coefficient is the

lowest is worn least [52].

The wear mechanisms of composites were identified by

examining the worn surfaces through SEM, and every kind

of wear mechanism has its own characteristics. For

example, numerous grooves and scratches, almost parallel

to the sliding direction, are characteristics of abrasion. So,

the dominant wear mechanisms can be deduced by the

features of the worn surface, and the wear extent can be

justified by the wear rate under corresponding conditions.

Generally, various mechanisms, e.g., abrasion, adhesion,

and delamination, may operate singly or in combination

under different conditions.

Table 2 shows the wear mechanisms of Mg–Al alloy

and its composites reinforced by SiCp under various sliding

conditions [7]. From Table 2, it can be seen that the

dominant mechanisms operating under different loads or

different sliding speeds were different. To take abrasion for

example, grooves and scratch marks are evident on all the

worn surfaces, except those tested under the most severe

sliding condition of 30 N and 5 m/s, which is smooth and

featureless. At the lower speeds of 1 m/s or less, grooving

and scratching appear more severe.

4.3 Creep Behavior

Magnesium alloys exhibit relatively low-creep resistance,

especially above 400 K, which largely limited their appli-

cations at higher temperature. The need for engineering

materials with better resistance to the creep deformation

and creep fracture at high temperature has led to extensive

research on the creep behavior and mechanisms of mag-

nesium matrix composites [1].

Table 2 Wear mechanisms for each combination of sliding condition and magnesium-based pin material [7]

Sliding speed (m/s) Load (N) Pin material Wear mechanisms

Abrasion Oxidation Delamination Adhesion Softening/melting

0.2 10 MgAl HH H H

SiCp/MgAl HH H HH

30 MgAl HH HH

SiCp/MgAl HH H HHH

0.5 10 MgAl H HH HH

SiCp/MgAl H HHH H

30 MgAl HH HH

SiCp/MgAl HH H HHH

1 10 MgAl H HH HH

SiCp/MgAl H HHH H

30 MgAl HH HH H

SiCp/MgAl HH H HH

2 10 MgAl HH HH H

SiCp/MgAl H HH H

30 MgAl H H HH H

SiCp/MgAl H H HH H

5 10 MgAl H H HH H

SiCp/MgAl H H HH H

30 MgAl HHH

SiCp/MgAl H HHH

The relative extent of each wear mechanism:H slight, HH moderate, HHH heavy
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It is known that the main reasons for the high-creep rate

of magnesium alloys are dislocation slip and grain

boundary slide at both basal and non-basal planes of

magnesium [54]. Therefore, in order to develop high-

temperature magnesium alloys, obstructing the dislocation

slip and grain boundary slide through incorporating ther-

mally stable hard phases at the grain boundary or within the

grain becomes a key approach [2]. A significant improve-

ment in creep resistance up to *623 K may be obtained by

adding high-volume fraction of fine particles. But the creep

properties of magnesium matrix composites reinforced

with particulates might not surpass that of magnesium

alloys at higher temperatures [55, 56].

Figure 13 shows a comparison of minimum creep rate of

several kinds of magnesium alloy and AS21 magnesium

matrix composites reinforced by 27 vol% of Saffil fibers,

and it can be deduced that fibers have a pronounced influ-

ence on the strengthening [57]. In recent studies, hybrid

composites have become the best choice for developing

creep-resistant composite materials in view of the

improvement of anti-creep capacity and economy. For

instance, the creep behavior and dominant creep mecha-

nisms of AE42 magnesium alloy composites reinforced with

Saffil short fibers and SiC particulates have been examined

in the longitudinal and transverse directions, and it was

proved that the creep resistance of the hybrid composites is

significantly better than that of the monolithic alloys and

comparable to that of the composite reinforced only with

20 vol% Saffil fibers at all the temperatures and stresses

tested [58, 59]. Moreover, the improvement of creep resis-

tance is largely dependent on the following factors: (1)

intrinsic properties of the composite constituents and (2)

size, orientation, volume fraction, and distribution of the

reinforcements. Thus, the chemistry of the reinforcing and

matrix materials and the incorporating technique are of

crucial importance for fabricating this kind of material.

Load transfer is a key mechanism for the improvement

of creep resistance of magnesium matrix composites. It is

accepted that the creep deformation within a metal matrix

composites is usually controlled by the flow in the matrix

material. Load transfer from the matrix to the reinforce-

ment is accompanied by redistribution of stresses in the

matrix and this reduces the effective stress acting on the

matrix, which improves the creep resistance [2]. The creep

characteristics of AZ91 and QE22 magnesium matrix

composites reinforced with 7 vol% short carbon fibers and

15 vol% SiC particulates were compared to that of their

monolithic alloys, and the dominant mechanism found for

the enhancement of creep resistance was load transfer [60].

5 Damping Capacity

Damping capacity denotes the anti-vibration ability of

materials. High damping materials allow undesirable

mechanical vibration and noise, which is of great impor-

tance to the enhancement of vehicle and stability of

instruments [61]. It is well known that the damping

capacity of pure magnesium is very high, but its low-ten-

sile strength and elastic modulus prevent its wide appli-

cations. Therefore, magnesium matrix composites

exhibiting high damping capacity and good mechanical

performance simultaneously have become the focus of

extensive research: magnesium matrix being responsible

for the high damping capacity and reinforcements being

responsible for the high-mechanical strength [62, 63].

Figure 14 shows the damping capacities of AZ91D alloy

and TiC-reinforced AZ91D composites. From these curves,

it can be seen that the damping capacity of TiC/AZ91D

composites was improved because of the addition of TiC,

and the damping capacity of AZ91D alloy and TiC/AZ91D

composites decreased with the increasing of vibration fre-

quency, and increased when strain increased. Besides,

damping capacities are dependent on temperatures and

increased remarkably with ascending temperature at rela-

tively high temperature (473–623 K) [64]. The damping

capacity of magnesium matrix composites reinforced by

graphite particles, independent of strain amplitude,

increased significantly with the increase of graphite particle

amount from 0 to 10 vol%, but almost keeps constant when

it exceeded 10 vol% [65]. The addition of SiC particulates

into pure magnesium matrix can increase the damping

capacity, which can be attributed to the increase in the

energy dissipation resulting from the simultaneous influ-

ence of intrinsic and extrinsic damping mechanisms.

It is known that various factors, such as crystal defects,

dislocation motion, plastic zone, and grain boundary

Fig. 13 Comparison of minimum creep rates in several base

materials and Saffil fibers reinforced AS21 magnesium matrix

composites at 523 K [57]
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sliding, contribute to the total damping in metal [66, 67].

Figure 15 shows one of the damping mechanisms-dislo-

cation movements [68]. As can be seen in Fig. 15, dislo-

cation is pinned by strong pinning and weak pinning within

the metal matrix. When the strain amplitude is low, dis-

location string Li (L1, L2, and L3) vibrates to dissipate

energy. In the region, the damping capacity of these

composites is only weakly dependent on strain amplitude.

When the strain amplitude increases they slowly improve.

Dislocation string breaks away the weak pinning, and the

unpinning of dislocation occurs once the applied cyclic

load increases. So, the break-away damping capacity gen-

erates. Moreover, the factors governing the damping of the

materials depend on frequency, temperature, and strain

amplitude.

6 Summary

This review introduces some fundamental aspects about

magnesium matrix composites considering their develop-

ment of processing methods, evaluation of microstructure,

and mechanical properties. Numerous studies have been

carried out to have an overview of magnesium matrix

composites during the past several decades and promote

their application in the increasingly growing industries.

However, great efforts still should be made to have a deep

comprehension about the relationship of the processing

route, microstructure, and mechanical properties.

For magnesium matrix composites, the researches for

composite mechanism and interfacial strengthening

mechanism are not sufficient. Due to the ease of oxidation

and volatilization of magnesium, the conventional high-

temperature processing methods have been restricted.

Although a number of challenges still exist, the novel

composite technologies for producing high performance

light-weight magnesium matrix composites offer attractive

potential for commercial production and application.
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