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Abstract: Potential of widespread industrial applications of magnesium has been realized 

in recent years. A variety of magnesium alloy matrix composites are now being studied for 

mechanical properties. Since magnesium is the lightest structural metal, it can replace 

aluminum in existing applications for further weight savings. This review presents an 

overview of hollow particle filled magnesium matrix syntactic composite foams. Fly ash 

cenospheres are the most commonly used hollow particles for such applications. Fly ash 

cenospheres primarily have alumino-silicate composition and contain a large number of 

trace elements, which makes it challenging to study the interfacial reactions and 

microstructure in these composites. Microstructures of commonly studied AZ and ZC 

series magnesium alloys and their syntactic foams are discussed. Although only a few 

studies are available on these materials because of the nascent stage of this field, a 

comparison with similar aluminum matrix syntactic foams has provided insight into the 

properties and weight saving potential of magnesium matrix composites. Analysis shows 

that the magnesium matrix syntactic foams have higher yield strength at the same level of 

density compared to most other metal matrix syntactic foams. The comparison can guide 

future work and set goals that need to be achieved through materials selection and 

processing method development.  
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1. Introduction 

Aluminum matrix composites have been widely studied in the published literature for interest in 

replacing steel based structures with these lighter materials [1–3]. In recent years aluminum matrix 

composites have found numerous applications in automotive, aviation, and consumer products [4,5]. 

The automotive sector has benefitted by replacing steel (~7.8 g/cc) with lower density aluminum  

(~2.7 g/cc) parts for weight saving. Magnesium, being the lowest density (~1.74 g/cc) structural metal, 

provides further opportunities of reducing weight. 

1.1. Automotive Weight Reduction 

The automotive sector is striving to find new solutions for weight reduction because of increasing 

awareness of pollution and rapidly tightening emission norms around the world [6]. Many countries 

are imposing stricter emission norms, which require auto companies to develop new technologies such 

as hybrid engines, electric engines, and increasing the efficiency of existing gasoline powered engines. 

An example of stricter emission norms proposed in the USA is the 2011 Corporate Average Fuel 

Economy or CAFE standard. For the small car class (footprint < 3.8 m2), the current fuel economy 

standard is 36 miles/gallon (mpg), which is required to increase to 41, 49, and 61 mpg by the years 

2016, 2020, and 2025, respectively. Compared to the year 2012, the fuel efficiency is required to 

increase by about 70% [7]. Such steep change requires exploring multiple options. In addition to 

improving engine technologies, weight reduction can play an important role in reducing the fuel 

consumption and maintenance cost of vehicles. Lighter cars require smaller engines, which further 

reduces their weight and improves fuel efficiency. Current automotive marketplace has moved towards 

calculating the total operating cost of cars, rather than just the initial cost, which provides a better 

justification for the use of lightweight composites. These composites may be initially more expensive 

but could provide significant savings over the life of the vehicle.  

Magnesium, which is the lowest density structural metal, has been considered as a viable option to 

address the aforementioned issues such as weight reduction and fuel efficiency in automotive 

structures. Magnesium alloy wheels, engine blocks, and body panels have been tested by various 

manufacturers. Magnesium based automotive components are now available as standard components 

or aftermarket parts used for customization. Lightweight alloy wheels are a prominent example of 

application of magnesium in the automotive sector. High cost of magnesium has limited the current 

automotive applications only to high end cars such as Porsche, BMW, Jaguar and Corvette. Engine 

blocks of magnesium alloys have been used in several models of these makes. Race cars have now 

over 50 years of history of using magnesium alloys in auto body and engine blocks for weight 

reduction. Development of low cost processing methods and wider use of these alloys is expected to 

lower the cost and result in self-accelerated growth of this sector. Now there is also interest in 

replacing existing materials used in thermal management components with magnesium alloys and 

composites. The use of magnesium alloys in military vehicles is especially attractive for weight 
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savings to accommodate heavy armor and improve maneuverability. Higher loading and towing 

capacity of vehicles can help in increasing the mission length and fuel carrying capacity, which are 

important for military applications.  

Apart from the automotive sector, other consumer products are also made of magnesium. Several 

popular models of laptops have casings and batteries made of magnesium alloys for lightness and 

portability. The weight reduction of batteries is especially attractive to a number of applications, 

including electric vehicles. 

1.2. Syntactic Foams 

Syntactic foams are hollow particle filled porous composites [8,9]. These materials have been 

extensively studied during recent times to understand their structural property correlations and develop 

high performance varieties at low densities. Thin walled hollow particles are used in synthesizing 

syntactic foams. The ratio of inner to outer radius of hollow particles is over 0.9 in the commonly used 

hollow particles. Metal matrix syntactic foams (MMSF) with hollow particle volume fractions as high 

as 60% have been synthesized. Such high volume fraction leads to syntactic foam densities in the 

range 1–1.5 g/cc, which directly compete with polymer matrix composites. Their inherently high 

modulus, ductility, and melting points compared to that of polymers matrix composites result in very 

attractive properties of MMSFs.  

Syntactic foams have been extensively studied for aluminum and polymer matrices [10–14]. 

Interest in magnesium foams is increasing in recent times due to their very low density [15–18]. Only a 

few studies are available on magnesium matrix syntactic foams [19,20]. Illustration of a syntactic foam 

microstructure is presented in Figure 1. Several phases exist in the microstructure as shown in the 

figure. The matrix voids may be undesirable because they adversely affect the strength and modulus of 

composites. However, in some cases, such voids may be intentionally used to obtain very low density 

composites. Stir mixing and pressure infiltration techniques are widely used for synthesizing MMSFs. 

Weak particles may break due to the processing conditions. The cavities of such particles may be filled 

with the alloy as seen in Figure 1. Synthesis methods need to be optimized to minimize the particle 

fracture and void entrapment to obtain high quality porous composites.  

Figure 1. Schematic illustration of syntactic foam microstructure showing various phases 

and two types of voids. 
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Fly ash cenospheres are the most widely used particles in syntactic foams due to their low cost. An 

example of cenospheres is presented in Figure 2a. Cenospheres are recovered from ash generated in 

thermal power plants. Cenospheres need to go through beneficiation processes to remove impurities 

and collect only the low density intact particles. Some of the cenospheres may have porosity embedded 

in their shell as seen in Figure 2b. Such porosity reduces their shell strength, which may lead to 

fracture during processing.  

Figure 2. (a) Fly ash cenospheres; (b) Defects present in some cenospheres may include 

irregular shape, nonuniform wall thickness, and porous walls. 

(a) (b) 

Hollow particles of alumina, silica, and silicon carbide have been used in some studies on MMSFs. 

An example of alumina hollow particles is shown in Figure 3a. High surface area of such particles 

(observed in Figure 3b) can provide advantage in improving interfacial bonding with the matrix 

material and result in strong bonding.  

Figure 3. (a) Alumina hollow particle; and (b) the surface of the alumina particle  

(Courtesy Oliver M. Strbik III, Deep Springs Technologies, Toledo, OH, USA). 

(a) (b) 
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Hollow particles are now available in a wide size range, from nanometer to several millimeters [21,22]. 

In addition to lightweight composites, interest in hollow particles has been increasing for a variety  

of applications such as catalysts and several processes are now available for synthesizing such  

particles [23–25]. Usually engineered hollow particles have controlled structure and properties and 

offer better properties compared to fly ash cenospheres. In addition, their surfaces can be engineered to 

increase compatibility with the matrix metal or alloy. 

2. Microstructure 

A large variety of magnesium alloys are now available [26]. AZ and ZC series alloys are the most 

widely used in MMSFs. In the nomenclature of these alloys A, Z, and C refer to aluminum, zinc and 

copper, respectively. The two letters are followed by two numbers, which correspond to weight 

fractions of the respective alloying elements. Aluminum is the most common alloying element in 

magnesium. The Mg-Al phase diagram is of eutectic type, where the solvus line includes composition 

up to 12.6 wt% Al and these alloys can be solution treated and aged. Addition of Al and Cu results in 

increased hardness and strength in Mg alloys. Both these elements tend to form intermetallic compounds 

in Mg alloys, which are responsible for increased hardness and strength. Nanoindentation studies have 

been carried out on AZ91 alloys, which show that the intermetallic precipitates have hardness and 

modulus of 3.8 and 71.3 GPa, respectively, compared to the hardness and modulus of surrounding 

matrix measured as 1.4 and 51.7 GPa, respectively [27]. Usually, the increased strength of Mg alloys 

due to the addition of Al or Cu comes at the expense of ductility. Addition of Zn along with Al and Cu 

helps in minimizing this problem.  

The microstructure of AZ91D alloy commonly used in the fabrication of syntactic foams is shown in 

Figure 4. Precipitates of Mg17Al12 intermetallic, known as γ-phase, are seen in α-solid solution in the 

microstructure. The precipitates are surrounded by a lamellar eutectic α + γ mixture. The precipitates are 

aluminum rich compared to the surrounding matrix. In this alloy system, Mn is also present in the matrix 

and the formation of precipitates of Al8Mn5 is also observed under appropriate conditions [28]. Similarly, 

the microstructure of ZC63 alloy shows α-Mg, Mg(Zn,Cu)2 eutectic, Cu5Zn8 and CuMnZn [20]. In this 

work, it was determined that the microballoons and eutectic phases segregate at the Mg grain boundaries.  

Figure 4. Optical micrographs of AZ91 alloy at two different magnifications. 

(a) (b) 
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The AZ91D/cenosphere composite microstructure is shown in Figure 5. This microstructure can be 

compared with the schematic presented in Figure 1 to identify various phases. Matrix voids are not 

visible in the microstructure. However, broken cenospheres filled with matrix alloy during synthesis 

can be observed. A closer view at the particle and the matrix microstructure is shown in Figure 6. The 

precipitates are usually aligned along the grain boundaries of the matrix. In these composites the 

defects present in the particle walls (Figure 7) can dominate the mechanical properties and failure 

mechanisms. It has been shown that during solidification processing, the difference in the thermal 

conductivity and heat diffusivity of fly ash and magnesium alloy causes the cenospheres to be at higher 

temperature than the surrounding matrix [20]. Nucleation does not start at the cenosphere surface due 

to higher temperature of cenospheres. The latent heat of fusion released during solidification further 

reduces the rate of solidification in the cenosphere vicinity and the cenospheres are pushed to the 

interdendritic region and reside at the grain boundaries. The reactions at the AZ91D/cenosphere 

interface have been studied [29].  

Figure 5. Optical micrograph of AZ91D/fly ash cenosphere composite.  

 

Figure 6. Optical micrograph of AZ91D/fly ash cenosphere composite showing intermetallic 

precipitates in primary magnesium matrix. 
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Figure 7. Scanning electron micrograph of AZ91D/fly ash cenosphere composite, where 

porosity and defects are visible in the cenosphere shell. 

 

Cenospheres are primarily composed of SiO2 and Al2O3. Silicon tends to react at the interface with 

magnesium present in the matrix and form Mg2Si and MgO. Thermodynamic calculations show that 

MgAl2O3 may also generate, but it reacts with magnesium and decomposes into MgO and Al.  

The microstructure of MMSFs consists of two types of porosity: matrix voids and particle cavities. 

Both these porosities affect the mechanical properties and density of MMSF. Increase in porosity leads 

to reduction in strength and modulus. However, the extent of mechanical property reduction due to 

these types of porosities is different as previously established for polymer matrix syntactic foams [30–32]. 

Such detailed studies are not yet conducted for MMSF but similar trends may exist. 

3. Mechanical Properties 

The properties of MMSFs depend on a number of parameters—particle shell material, shell wall 

thickness to diameter ratio, matrix alloy, processing parameters, entrapped voids, and heat treatment 

conditions. The properties of MMSFs can be normalized with respect to the properties of the matrix 

alloy processed under similar conditions. However, the effect of porosity is the most significant aspect 

to understand. In most cases, the densities of aluminum and magnesium matrix MMSFs occur within a 

narrow range or 1–2.2 g/cc and they are expected to compete with each other for applications based on 

their lower density at the same level of desired mechanical properties. Syntactic foams are designed to 

be used under compression; therefore, their compressive properties have been extensively studied in 

the existing literature. Particles are load-bearing elements under compression, which helps in obtaining 

high modulus and strength by using stiff ceramic particles in the syntactic foam structure. It is also 

known that the effect of particle-matrix interfacial bonding is much less significant under compression 

compared to under tension [33,34]. 

One of the challenges in interpreting and comparing the data obtained from different studies is the 

definitions used for various mechanical properties. The typical shape of the compressive stress-strain 

graph for MMSFs is shown by the line marked with A in Figure 8. Four different points are shown in 

this figure. Point 1 represents 0.2% yield strength. Point 2 represents the peak strength at the end of the 
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elastic region, which is also referred to as plastic stress or compressive strength in some studies. 

Usually this point is related to damage onset in the material and subsequent reduction in strength and 

stiffness of the material are observed. Point 3 represents plateau stress and Point 4 represents 

densification strain, which depends on the total porosity in the material and can be as high as 0.6.  

Figure 8. Schematic representation of a typical compressive stress-strain curve for MMSFs. 

 

In published studies the yield strength and peak strength are sometimes not distinguished from each 

other. In reality, the plateau zone may not be nicely defined and the graph may appear similar to the 

dotted line marked by B in Figure 8. In such case, the interpretation of plateau stress and densification 

point may widely vary. In addition, composite microstructures may have localized heterogeneities due 

to the presence of a particle cluster or void, which may lead to considerable variation in results in a 

batch of specimens from the same source. It should also be noted that the fraction of particles fractured 

during fabrication is usually not known, which also makes it difficult to estimate the matrix void 

fraction in the microstructure. Such uncertainties should be remembered while interpreting the results 

in the following sections. Tensile properties of AZ91D/15 wt% cenospheres are characterized  

for specimens processed under five different fabrication conditions, where isothermal temperature  

and holding time of the slurry before casting are varied in the ranges 720–820 °C and 15–35 h, 

respectively [35]. Compared to the ultimate tensile strength (UTS) of the unfilled alloy, 123 MPa, the 

strength of syntactic foams is found to vary in 87–146 MPa for different processing conditions. The 

specimens processed at 770 °C and held at 35 h were found to have the highest strength. These 

specimens were also tested for tensile properties at 150 °C and the same trends in UTS were seen [35].  

Huang et al. also studied AZ91D/fly ash cenosphere composites. In this work composites containing  

4–10 wt% cenospheres were fabricated and tested for hardness and compressive properties [36]. Their 

results show that the composite density increased with cenosphere weight fraction. In general, this 

trend should be reverse and the composite density should decrease as the cenosphere fraction increases 

because cenospheres are lighter than the matrix. The reverse trend indicates that a large number of 

cenospheres have fractured during composite fabrication. Fractured cenospheres become higher 

density solid ceramic particles and result in increased composite density. Due to large scale fracture of 
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cenospheres, such composites do not have foam like structure. The compression test results further 

confirm this observation because all composites have higher strength than the matrix, do not show 

stress-plateau region, and do not show densification trend in the absence of porous microstructure. 

These observations indicate that development of process control is very important for such composites. 

Further, only compressive stress-strain diagrams are provided in this paper. No quantitative or 

graphical information on modulus, yield strength, or ultimate strength is provided. 

The same AZ91D/cenosphere composite MMSF system has been studied in other recent papers [37]. 

Only one syntactic foam composition is reported in this work, which has the density of 1.23 g/cm3. 

The compressive strength is found to be 105.2 MPa in this work, which is lower than the strength of 

the matrix alloy. An extensive study considering 5–15 wt% cenospheres in the same alloy system is 

more useful in understanding the mechanical property trends [38]. The composite density ranged from 

1.81 g/cm3 for the alloy to 1.75 g/cm3 for 15 wt% cenosphere composite. The experimental trends on 

the coefficient of thermal expansion (CTE) did not show any measurable difference between the alloy 

and the composites. The UTS of alloy was measured as 199 MPa, compared to which, the 5 wt% 

cenosphere composite had the highest UTS of 215 MPa. No necking and yield point were seen in the 

tensile response of the composites. The modulus of the alloy is measured as 44 GPa, compared to 

which, the composites had consistently lower modulus with increasing fly ash weight fraction. The 

composite with 15 wt% cenospheres had a modulus of about 32 GPa. The compressive yield strength 

was found to be lower for composites compared to the matrix. In the absence of standard deviations for 

experimental data, some of the conclusions are only weakly derived in this work because the values of 

mechanical properties are relatively close for composites and the alloy [38]. 

A detailed study is found published on ZC63 matrix syntactic foams containing up to 25 wt% 

cenospheres [20]. The compressive modulus decreased from 13.5–11.5 GPa for 0–25 wt% cenosphere 

composites. The low modulus for the matrix alloy observed in this study may be a result of porosity in 

the as-cast specimens. For the same composition range, the ultimate strength varied in the range of 

293–348 MPa. The experimental variation in the measured mechanical property data is not presented 

in this study either, which makes it difficult to draw reliable conclusions because mechanical 

properties may vary over a large range for composites due to the possible localized inhomogeneities in 

the composite microstructure. 

It is important to put into perspective the mechanical property data for magnesium alloy syntactic 

foams with other MMSF syntactic foam systems. The compressive properties are extracted from the 

published studies to the best possible accuracy. These properties are plotted with respect to the 

composite density for analysis of weight saving advantage. 

The compressive property data for aluminum matrix syntactic foams is extracted for comparison 

from the published studies and plotted in Figure 9 [10,13,14,39–46]. Composites of A2011-T6 alloys 

show the highest plastic stress, followed by 7075-T6 and 6061 alloy composites. In most cases a clear 

trend in the data coming from the same study is seen, where plastic stress increases with density. The 

highest concentration of data is in the density range 1.4–1.7 g/cc. The plastic stress of aluminum alloy 

matrix syntactic foams subjected to T6 heat treatment are considerably higher than the corresponding 

as-cast composites in this group of materials. The magnesium matrix syntactic foams are expected to 

directly compete with this group of materials. 
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Figure 9. Plastic strength of aluminum matrix syntactic foams plotted against density. In 

the legend the nomenclature refers to the last name of the first author (year) alloy type-heat 

treatment (strain rate, if used as a parameter).  

 

Some syntactic foam composites are found to have less than 0.4 g/cc density in Figure 9. These data 

points belong to foams that contain fly ash cenospheres as well as matrix porosity to create a hybrid 

foam structure. Such foams are found to have very low strength compared to syntactic foams 

containing porosity only inside hollow particles.  

The yield strength values for various types of MMSFs, including aluminum, titanium, and iron 

matrix syntactic foams, are plotted in Figure 10 [38,39,43,47–55]. AZ91D and ZC63 matrix syntactic 

foams are also included in this graph. Yield and plastic strengths are defined by Points 1 and 2, 

respectively, in Figure 8. In most studies, data for only one of these points is provided for various 

reasons. In composites containing low particle volume fraction, the plastic stress is not clearly visible 

and the yield strength is defined. In several other studies, especially those containing high particle 

volume fractions, the particle fracture starts around plastic stress and the slope of the graph changes 

rapidly. In such cases, plastic stress values are reported. The difference in the yield and plastic stress is 

small and the data presented in Figures 9 and 10 can be compared. Some of the outlying data points 

that have very low stress values should be treated carefully and the material quality and test procedures 

should be checked in those studies for interpretation. 

It can be noticed in Figure 10 that the magnesium matrix syntactic foams have higher values of 

yield strength compared to most other types of syntactic foams. This is a significant trend for two 

reasons: (a) the absolute yield strength values for magnesium matrix syntactic foams are among the 

highest compared to other foams included in this figure; and (b) at the comparable density, the 

available aluminum matrix syntactic foams have yield strength values from about 30% to 70% lower 

than that of the magnesium matrix syntactic foams. Iron matrix syntactic foams have comparable yield 

strength but their density is 2–3 higher than the magnesium matrix syntactic foams. This trend 

demonstrates the possibility of reducing the structural weight by replacing aluminum and titanium 

matrix syntactic foams with magnesium matrix syntactic foams in some applications. Most of the data 
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in Figure 10 fits within a narrow zone, marked by an ellipse and shows the usual trend that yield 

strength increases with the density of the composite. However, only magnesium matrix syntactic foams 

break this trend and provide significantly higher strength than other foams of comparable density. 

Figure 10. Comparison of yield strength of magnesium, aluminum, zinc, and titanium 

matrix syntactic foams. In the legend the nomenclature refers to the last name of  

the first author (year) alloy type (processing pressure, if used as a parameter in the 

composite synthesis). 

 

Additional comparison can be conducted between data presented in Figures 9 and 10 by considering 

plastic stress and yield strength to be comparable as discussed before. In the as-cast condition, 

magnesium matrix syntactic foams show better properties but the T6 treated aluminum alloys also fall 

within the same range. The comparison is illustrative of the role of heat treatment in determining the 

properties of MMSFs. Depending on the other requirements of the applications, such as operating 

temperature, vibration conditions, CTE, and thermal conductivity, the best material can be selected. 

The nascent field of magnesium matrix syntactic foams can benefit from this comparison because the 

data for heat treated compositions is not yet available and further improvement in the properties  

can be obtained. 

4. Conclusions 

Available studies on magnesium matrix syntactic foams are reviewed in this work. Rapidly 

increasing interest in magnesium matrix composites, due to their low density, is fueling interest in 

research and product development. A critical review shows that the understanding of microstructural 

aspects of magnesium alloys and their composites is well developed now but the mechanical properties 

are not widely available. Most available studies have characterized up to three compositions of 

magnesium alloy matrix syntactic foams. In these composites the parameters such as particle density, 

wall thickness and sometimes, even the weight fraction, are not reported. In the absence of such 

detailed data, the development of theoretical models is not keeping pace with the experimental work. 
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Model validation becomes a significant challenge when the data are not available for a variety of 

compositions. New techniques such as nanoindentaiton have been used to characterize the mechanical 

properties of various microstructural phases in magnesium alloys. Availability of this data can help in 

the future in developing microstructure based models and simulations that can accurately predict the 

mechanical properties of the alloys and the composites.  

When the magnesium matrix syntactic foam data are put into perspective with the mechanical 

properties of aluminum, titanium, and iron matrix syntactic foams, a clear advantage is observed on the 

basis of density. Magnesium matrix syntactic foams are among the syntactic foams that have the 

highest yield strength. The weight saving obtained from the use of these composites to replace 

components made of solid metals can lead to significant energy saving in automotive and other 

industrial applications. 

Behavior of magnesium matrix syntactic foams under various environmental conditions is not yet 

studied. This can be significant because the high temperature conditions can lead to reactions between 

elements present in fly ash cenospheres and the matrix material. Some of the reaction products may be 

undesirable and adversely affect the long term performance of the composite. AZ series Mg-Al  

alloys used in fabricating syntactic foams have compositions that can be subjected to solution 

treatment, which can be effectively used to control the mechanical properties and distribution of 

phases in the composite.  
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