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Abstract: Novel AZ91D Mg alloy/fly-ash cenospheres (AZ91D/FACs) composites were fabricated by melt stir technique. Fly-ash 
cenosphere particles with 4%, 6%, 8%, 10% in mass fraction and 100 µm in size were used. Hardness and compressive strength of 
the composites were measured. The effects of mass fraction of cenospheres on the microstructure and compressive properties were 
characterized. The results show that the cenospheres are uniformly distributed in the matrix and there is no sign of cenosphere  
cluster or residual pore. The densities of the composites are 1.85−1.92 g/cm3. By comparing with matrix, the compressive yield 
strength of the composites is improved, and the cenospheres is filled with Mg matrix alloy. SEM, XRD and EDX results of the 
composites show clear evidence of reaction product at cenosphere/matrix interface. On the basis of XRD and EDX, composition, 
structure and thermodynamic analysis, the main interfacial phase between the cenosphere and AZ91D Mg alloy was identified to be 
MgAl2O4. 
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1 Introduction 
 

Mg alloy-based composites have been used in 
automotive, electronic and aerospace industries due to 
their low density, high specific strength and specific 
stiffness, good damping capacity and excellent 
machinability[1−2]. Up to now, many Mg alloy-based 
composites were developed, and the reinforcements used 
commonly included B4Cp, SiCp, Al2O3p, SiCw, Al2O3f, etc 
[3−4]. However, their applications were limited because 
of the high production cost. The ultra light fly-ash 
cenospheres reinforced metal matrix composites have 
been developed, which have significant potential for use 
as automotive components, mechanical parts and other 
related uses[5−10]. The fly ash cenospheres (FAC) are 
the by-products during the combustion of coal in thermal 
power plants, and they are hollow, silver gray in color, 
and about 0.6 g/cm3 in density. Many investigations 
showed that the cenospheres were a kind of very good 
filling in polymer and Al alloy. However, few literatures 
can be found to study Mg or Mg alloy/cenosphere 

composites[11−12]. So, the novel AZ91D/FAC 
composites were developed in this work, and the 
microstructures and compressive properties of the 
composites were investigated. 
 
2 Experimental 
 

A stainless steel die was designed and fabricated for 
pouring AZ91D/FAC composites samples, and the shape 
and main dimensions of the die are shown in Fig.1. The 
AZ91D/FAC composites were prepared by the stir 
casting method. The FAC consists mainly of SiO2 

62.79%, Al2O3 24.24%, Fe2O3 3.86%, MgO 1.28% and 
CaO 1.78% (mass fraction). The nominal component of 
the commercial AZ91D are Al 9.07%, Zn 0.62%, Mn 
0.21%, Fe 0.002 2%, Be 0.001 3%, Si 0.034%, Cu 
0.003%, Ni 0.000 33% and Mg balance. 

A JSM-6360LV scanning electron microscope 
(SEM) with energy dispersive X-ray analyzer (EDXA) 
was used to analyze the morphology of the cenosphere, 
the microstructure of AZ91D/FAC composites, and the 
compressive fracture surface of AZ91D/FAC composites.  
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Fig.1 Sketch of die for fabricating composites (unit: mm) 
 
An Olympus optical microscope (OM) was used to 
observe the microstructures of AZ91D/FAC composites 
and the distribution of the FACs. An X-ray 
diffractometer (D/MAX2500PC, Cu Kα, Japan) was used 
to identify the phases in the AZ91D/FAC composites. 

Fig.2 shows the morphology and component of the 
cenospheres. The average diameter of the cenosphere 
particles is about 100 µm. 
 

 
Fig.2 SEM image (a) and EDS analysis of cenospheres (b) 
 

The AZ91D Mg alloy was molten at 720 ˚C and 
then cooled to 590 ˚C at which the Mg alloy was in the 
semi-solid state. The cenospheres with 4%, 6%, 8%, and 
10% (mass fraction) were preheated to 200 ˚C and then 

were added to the semi-solid Mg alloy, respectively, and 
the melts were stirred at 800 r/min for 10 min. Then, the 
melt rapidly reheated to 720 ˚C was poured into the steel 
mould M2 preheated to 200 ˚C. The mixture of SF6 and 
N2 was used to prevent the oxidation and combustion of 
magnesium during all processes. 

The density of the composites was determined using 
Archimedes method with ethanol as the suspending 
medium. A precision research balance (resolution 0.1 mg) 
was used. 

A HBE−3000A Brinell hardness tester was adopted 
to measure the hardness of AZ91D/FAC composites. The 
applied load was 1 000 kN, and the holding time was  
15 s. The diameter of the steel sphere used was 10 mm. 
Three spots on a sample were tested, and the average of 
sample was obtained as the reported result. 

The compressive testing of the AZ91D/FAC 
composites was conducted at room temperature in a 
computer controlled CSS−4410 tester. The size of the 
sample was d15 mm×30 mm. The crosshead speed was 
0.5 mm/min. 
 
3 Results and discussion 
 
3.1 Density of AZ91D/FAC 

The reaction between Mg alloy matrix and 
cenospheres was found in the composites, and the 
cenosphere was filled with Mg alloy matrix. ROHATGI 
et al[12] used the following equation to calculate the 
theoretical density of this kind of composites 
consequently: 
 

)1( fmMfmfmc ϕρϕρρ −+=                      (1) 
 
where ρc, ρfm and ρM are the densities of AZ91D/FAC 
composites, filled cenospheres and matrix, respectively; 
and φfm is the volume fraction of the cenospheres. 
Supposing the cenospheres were filled completely with 
matrix, ρfm is expressed as follows[12]: 
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where ρcr is the density of the ceramic cenosphere wall, 
and is obtained from Ref.[12]; r1 and r2 are the inner and 
the outer radii of the cenospheres, respectively. The 
average wall thickness of the cenospheres was about 6% 
of the diameter. The testing and theoretical density 
values are listed in Table 1. 

The density of AZ91D sample was 1.81 g/cm3. The 
addition of the cenospheres to the AZ91D Mg alloy 
resulted in the increase in the density of the composites. 
Even now, AZ91D/FAC composites were lighter than Al 
or Al alloys. Compared with the theoretical densities, the 
testing densities were larger, and the reason may be that 
the resultant Mg2Si inter matrix was neglected in Eq.(1). 
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Table 1 Densities of AZ91D /FAC composites 

Mass fraction of 
cenospheres/% 

Theoretical density/ 
(g·cm−3) 

Testing density/ 
(g·cm−3) 

4 1.85 1.85 

6 1.86 1.87 

8 1.87 1.93 

10 1.88 1.92 

 
3.2 Microstructure and interface 

The microstructures of AZ91D and AZ91D/FAC 
composites are shown in Fig.3. It can be seen that the 
cenospheres were filled with matrix, and this may be 
attributed to the reaction between cenospheres and 
matrix. A distinct exothermic phenomenon was also 
observed in the experimental process. The following 
reaction may occur on the basis of thermodynamics 
[13−15]: 
 
2Mg(l)+SiO2(s)=2MgO(s)+Si(s), 

∆GΘ=−76 500+15.4T                       (4) 
 
2Mg(l)+Si(s)=Mg2Si(s), 

 ∆GΘ=−24 000+9.4T                       (5) 
 
3Mg(l)+Al2O3(s)=3MgO(s)+2Al(l), 

∆GΘ=−35 190+6.47T                      (6) 
 
MgO(s)+Al2O3(s)=MgAl2O4(s), 

 ∆GΘ=−35 600−2.09T                      (7) 
 

The meshy β phase (Mg17Al12) disappeared after the 
cenospheres were added (Fig.3(b)), and the 

microstructure within the cenospheres became fine, 
which may be attributed to the effects of the reaction 
product Mg2Si and mechanical stir. A large number of 
reaction heat was released when Mg2Si was formed, 
which made the temperature around cenospheres higher 
than that far from cenospheres. The resultant MgAl2O4 
and Mg2Si were testified by XRD. The two kinds of 
intermetallic phases were steady even at higher 
temperature. The reaction happened immediately after 
the cenospheres were added. The element Si replaced by 
Mg from SiO2 entered into matrix and reacted with Mg 
to form Mg2Si. as can be seen in Fig.3(d) (these grey 
phases pointed by the arrowhead). Mg2Si grew into 
cystiform one according to the non-continued 
mechanism (Fig.4). The cystiform Mg2Si was composed 
of sheet ones, whose microstructure was dendritic. Mg2Si 
grew into lumpish Mg2Si at subsequent super-cooling 
degree. MgO reacted with Al2O3 (one of cenospheres 
composition), and the resultant MgAl2O4 was obtained 
[14−15]. 
 
3.3 Mechanical properties 
3.3.1 Hardness 

The hardness of AZ91D/FAC composite specimens 
is listed in Table 2. It can be found that the hardness of 
AZ91D/FAC composites increases with increasing the 
content of the cenospheres. This can be primarily 
attributed to three reasons[12]: 1) the presence of 
relatively hard fly ash walls in the matrix; 2) a stronger  

 

 
Fig.3 SEM images of AZ91D (a) and AZ91D/10%FAC (b), and even distribution of FAC in AZ91D/10%FAC ((c) and (d)) 
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Fig.4 XRD pattern of AZ91D/FAC composite (a) and SEM 
image of interface (b) 
 
Table 2 Hardness of AZ91D /FAC composites 

Mass fraction of 
cenospheres/% 0 4 6 8 10 

Hardness (HB) 65.0 65.0 72.4 76.3 74.7
 
constraint of the cenospheres to the localized matrix 
deformation during the indentation; and 3) the fine 
microstructure of the matrix induced by adding the 
cenospheres. 
3.3.2 Compressive properties 

The compressive strength of the composites is 
higher than that of as-cast AZ91D magnesium alloy 
(Fig.5). The compressive strength increases with 
increasing mass fraction of the cenospheres. However, 
there is not linear change. The strength of the composites 
containing 4% FAC is the highest. But the compressive 
yield strength of the composites containing 8% FAC is 
the highest. The elastic modulus of the composites 
containing 8% FAC is 97 GPa, which is the highest and 
about 1.7 times larger than that of as-cast AZ91D Mg 
alloy. The elastic moduli of all samples are higher than 
those of as-cast AZ91D Mg alloy. 

It can be noted that the initial elastic region of each 
curve is followed by a region of inelastic deformation 
until a maximum stress is reached, after which the 
sample fails. The compressive strength should decrease 

 

 
Fig.5 Stress—strain curves for AZ91D Mg alloy and AZ91D/ 
FAC composites 
 
with the increase of FAC mass fraction according to 
Ref.[12]. This is attributed to the fact that FAC is nearly 
filled with the matrix. There were several factors 
resulting in the increase of the compressive strength. 
First, the wall of FAC filled with matrix can bear some 
deformation, resulting in the improvement of the 
compressive strength. Second, the interfaces in 
composites play the role of stress transfer. So, the effects 
of some characteristics of the interface, such as 
interfacial reaction, resultant, interfacial bond strength, 
dislocation, on the compressive properties of AZ91D/ 
FAC composites were very important. Moreover, the 
compressive yield strength changed with the shape, size 
and amount of Mg2Si, and the influence of the thickness 
of the interfacial reaction resultant MgAl2O4 cannot be 
ignored. Finally, the mass fraction and distribution of 
FAC need also to be considered. The surface morphology 
of the compressive fracture can be seen in Fig.6. All 
samples after compression testes exhibit the shear 
fracture at 45˚ direction to the compressive direction, 
indicating that the mode of the failure is the shear 
fracture. 
 

 
Fig.6 SEM image of compressive fracture of AZ91D/FAC 
composites 
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4 Conclusions 
 

1) It is feasible to fabricate AZ91D/fly-ash 
cenospheres composites by stir casting. The distribution 
of the cenospheres in AZ91D Mg alloy matrix is uniform. 
The optimum process is that the AZ91D Mg alloy is 
molten at 720 ˚C and cooled to 590 ˚C, the cenospheres 
are added, and then the melt is stirred at the rotation 
speed of 800 r/min for 10 min, finally, the melt rapidly 
reheated to 700 ˚C is poured. 

2) The cenospheres are nearly filled with matrix, 
resulting in the increase of the densities of AZ91D/ 
fly-ash cenospheres composites. 

3) The compressive strength of the composites is 
higher than that of as-cast AZ91D Mg alloy, and the 
main influencing factors are the interface reaction 
resultant and the distribution of the cenospheres. The 
compressive strength of the composites containing 4% 
cenospheres is the highest, and the compressive yield 
strength of the composites containing 8% cenospheres is 
the highest. 
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