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Abstract: Though metal foams possess excellent overall performances, its performances behave quite different due to its 
apparent aperture difference of pores diameter, pores roundness and significant macrostructure flaws, such as sharp edged pores 
and incomplete cell walls. It is meaningful to reduce macrostructure defects or improve pores structure uniformity of metal foams 
from the view point of practical applications. In this work, different thickening agents were added into AZ31B magnesium 
composite foams to balance foaming process and improve the homogeneity of pore diameter, pore roundness and cell wall 
integrity. The results showed that pore diameter, roundness of the pores and integrity of cell walls were obviously influenced by 
thickening agents. Based on a large number of experimental results, calcium granules and magnesium cerium intermediate alloy 
were used to control the number and morphology of solid particles in magnesium melt, and a kind of magnesium composite 
foams with fine roundness pores and complete cell wall structure were obtained. 
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1. Introduction 

Due to its low density, high strength, good noise insulation, 
excellent acoustic absorptivity and vibration reducing 
performance, closed-cell metal foams have been widely used 
in traffic transportation, aerospace, navigation, explosion 
shock absorption and noise abatement engineering fields. 
Moreover, owing to its higher specific strength and stiffness, 
magnesium alloy foams have been causing widespread 
concern for past decades and most of the researches were 
about its preparation methods, foaming stability and 
mechanical properties [1]. Up to date, spatial structure of 
magnesium alloy foams is inhomogeneous with large 
distribution range of pore diameters, lower pore roundness 
and incomplete cell walls. Inhomogeneous spatial structures 
and flaws deteriorate its overall performances and limit its 
applications as structural and functional materials [2-5]. To 
solve these problems, Bhogi et al. carried out a group of 
contrast experiments about the effect of thickening step on the 
foaming stabilization of Al-Mg alloy using melt foaming 

method. The results showed that stabilization and foaming 
effect of metal foam was attributed to the formation of oxides 
in the melt [6]. Meanwhile, Heim et al. investigated the 
stabilization of aluminium foams and films by joint action of 
dispersed particles and oxide films, it concluded that particles 
and formation of an oxide skin were necessary for foam 
stabilization [7]. Foaming process stability was mainly 
because of the presence of particles, and the particles 
suppressed the drainage of melt through films and plateau 
borders which were important for the improvement of melt 
environment and the stability of foaming stage [8]. 
Braszczyńska-Malik et al. prepared magnesium composite 
foam by negative pressure infiltration technique using fly ash 
cenospheres as pore fillers, and the interface integration 
between magnesium matrix and fly ash cenospheres with Ni-P 
coating was investigated, the results showed that adding fly 
ash cenospheres with Ni-P coating would effectively avoid the 
cenospheres be penetrated, increase the porosity and finally 
obtain fly ash cenospheres homogeneous distribution in 
magnesium composite foam [9, 10]. Anbuchezhiyan et al. 
reported that externally-added hollow glass microspheres 
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could not only improve the mechanical characters of 
magnesium matrix composite foam, but also slow down its 
corrosion rate [11]. As described above, researchers have been 
making effort to improve the foaming effects and reinforce the 
matrix of magnesium composite foam by controlling the 
stability of foaming process. However, there are still some 
defects in magnesium composite foams, such as, the 
roundness of pore is still low, the pore distribution is 
inhomogeneous, the mean pore diameter is big and part of big 
pores usually exist in the magnesium composite foams [12]. It 
is accessible that fine and high roundness pores are beneficial 
for the improvement of magnesium composite foams 
mechanical properties just like the spheroidal graphite to 
ductile iron, where fine and high roundness spheroidal 
graphite can significantly improve the mechanical properties 
of ductile irons [13]. Thus, it is foreseeable that magnesium 

composite foams with fine and high roundness pores will 
possess better mechanical properties [14-15]. 

Nowadays, among all of the routes, melt foaming method is 
the most commonly used route for metal matrix composite 
foam production due to its lower cost, higher production 
efficiency and larger size production [16, 17]. However, its 
foaming effect needs further improved from the perspective of 
spatial structure of the foams. In this work, hollow ceramic 
microspheres (CMs) were added into the AZ31B magnesium 
alloy produce in-situ particles. Furthermore, different kinds of 
thickening agents were used to evaluate their effect on the 
foaming stage and the final foaming effects. Also, composite 
thickening mechanism of Ca and Mg-30Ce for fabricating of 
magnesium composite foam with fine and high roundness 
bubbles was investigated. 

2. Experimental Methodology 

2.1. Specimens Preparation 

Table 1. Chemical composition of AZ31B magnesium alloy. 

Elements Al Zn Mn Si Fe Cu Ni Mg 

Composition (wt.%) 2.7852 0.7925 0.5635 0.0032 0.0002 0.0003 0.0004 Bal. 

 
AZ31B magnesium alloy (with its compositions shown in 

Table 1) was used as the matrix. Hollow ceramic 
microspheres (CMs, mainly composed of SiO2 and Al2O3) 
were used as compound addition to fabricate magnesium 
composite foam. Detailed parameters of CMs were as 
follows: diameter, stacking density and wall thickness were 
45-100µm, 0.42g/cm3 and 7.5µm respectively. To ensure the 
uniform distribution of CMs, a modified melt foaming 
method was applied and the detailed steps were as follows: 1) 
cutting about 1Kg of AZ31B magnesium alloy cylindrical 
billet to about 10mm sheets and then divide the sheets into 
isometric by hollow ceramic microspheres (account for 
magnesium matrix volume fraction 20%) layer by layer; 2) 

melting the raw materials in a mild steel crucible at 700°C 
-710°C; 3) thickening the melt with different kinds of 
thickening agents to increase its viscosity and the detailed 
description is shown in Table 2; 4) thickening temperature 
was approximately 690°C with stirring paddle stirring rate 
and mixing time were 500rpm and 8 minutes, respectively; 5) 
adding about 2.0 wt.% CaCO3 powder (analytically pure) 
into the melt with stirring speed of 1000 rpm for 25 seconds; 
6) keeping the crucible in the resistance furnace for 40-50 
seconds and then removing the crucible out to make it cool to 
room temperature. During the whole process SF6 and CO2 
gas mixture was used to prevent the melt from being ignited 
or oxidized. 

Table 2. Composite foam with different thickening agents and porosity. 

Composite foam A B C D 

Thickening agent none 1wt.%Mg-30Ce 0.3wt.%Ca 0.3wt.%Ca and 1wt.%Mg-30Ce 
Porosity (%) 25 45 75 60 

 
It should be noted that the preparation process and 

parameters for contrast experiments were exactly same except 
for the types of thickening agents. 

2.2. Microstructure Observation 

Specimens for microstructure observation were prepared by 
standard metallographic procedures including polishing with 
different diamond pastes without contacting with water. 
Microstructure examinations were performed on optical 
microscopy (OM, Axio Vert. A1) and field-emission scanning 
electron microscopy (SEM, JSM-IT500) with energy dispersive 
X-ray spectrometer (EDS). Phase composition was analyzed by 
X-ray diffraction (XRD, Smart Lab, Rigaku) using a Brucker 
D8 Abvence diffractometer. CuKα X-ray radiation was used with 

an angular step equal to 0.02°. Peaks from particular phases 
were identified according to ICDD PDF-4+ cards. During 
analyzing the statistics data about pore size and roundness of 
pores, Image-Pro Plus software was used. 

3. Results and Discussion 

3.1. Mathematical Model of Pore Roundness 

Pores roundness is an important factor to evaluate the 
mechanical properties of magnesium composite foam. In this 
paper, simple mathematical models and expressions are 
established to calculate the grade of pores roundness of metal 
foams. In order to do this, some preparations and assumptions 
need to be done, i.e.: 
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Figure 1. Average length of diameters measured at 2 degree intervals and passing through object’s centroid. 

At first, we all know that pores in the magnesium composite 
foam are near spherical and the closed-cell magnesium 
composite foam has dependent pores in the magnesium matrix 
[18, 19]. In the cross section of the specimen, it will cross 
different positions with different pores (it is shown in the 
(Figure 1 a), because of the amount of pores are large hence 
the overall pores outlines in the cross section will 
approximately represent the overall pores roundness of the 
specimen. Therefore, we will statistic pores outlines in the 
cross section to investigate the difference of pores structure in 
the specimens. 

Thus, every pore outline in the cross section can be 
represented by one of the three models (as shown in (Figure 1 
b, c and d). The pores outline will be measured average length 
of diameters measured at 2 degree intervals and passing 
through object’s centroid. The level of pore roundness 
depended on discrepancy of the maximum diameter and 
minimum diameter of each pore’s outline. Based on this, in 
this work a mathematical model to calculate pore roundness of 
metal foams was established as follows: 

R=(Dmax-Dmin)/Dmean×100%             (1) 

Table 3. The degrades of pore roundness. 

R <30% 30%-50% 50%-70% 70%-100% >100% 

Degrade of roundness I II III IV V 

 
Where R represents pore roundness, Dmean means mean 

diameter of each dependent pore, Dmax and Dmin mean 
maximum and minimum diameters of each dependent pore. 
Five levels (as shown in Table 3) were used to represent the 
degree of pore roundness, lower level means higher degree of 
pore roundness and closer to perfect circle [20]. Here we set I 

II III IV V five grades to represent the roundness degree 
basing on the range of R, the details are shown in the Table 3. 
When the roundness degrade is I, it represents that the pore is 
close to globular. With the roundness grade upgrading, the 
morphology of pore will gradually deviate globular. 

3.2. Macrostructures of Magnesium Composite Foams with Different Thickening Agents 

 

Figure 2. Macrostructures of AZ31B composite foams with different thickening agents, A without thickening agent, B with Mg-30Ce, C with calcium granules, D 

with both calcium granules and Mg-30Ce. 
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Macrostructures of magnesium composite foams with 

different thickening agents were shown in (Figure 2 A, B, C 
and D, respectively. It is clear that thickening agent has 
significant influence on the final foaming effect of 
AZ31B/HCMs composite foams. Specimens for 
macrostructure analysis were cut into cylinder with diameter 
of 30mm. we will describe the macrostructure in the following 
aspects i.e.: firstly, the overall mean diameter of pores; 
secondly, the range of the pores diameter of the specimen; 
thirdly, the pores roundness, porosity and the integrity of the 
pores wall. 

Obviously, Figure 2A shows that, firstly, the distribution of 
pores is nonuniform and the mean diameter of pores in the 
specimen is big; Secondly the range of pore diameter is wide, 
the shape of the pores are irregular with sharp edges and some 
big cracks exist in the pores wall and the porosity of the 
specimen is low. Figure 2B shows that the level of pore 
roundness is improved and the outline of pores wall is gentle 

without sharp crack, but the pore distribution is still 
nonuniform and its porosity is low will large pores distributing 
in the section, the range of pores diameters is wide. Figure 2C 
shows that some pores interconnect together because of the 
incomplete cell walls and obvious difference in pore diameters 
can be observed in the section. Figure 2D shows uniform 
distribution of pores with small pore sizes and integrated cell 
walls, also the pore roundness is obviously improved. All of 
these mean that composite thickening agents enhance the 
foaming effect and improve pore roundness of magnesium 
composite foam. It is known that defects make great influence 
on overall mechanical character of magnesium composite 
foams, e.g. large cracks and poor pore roundness in 
magnesium matrix foam will lead to stress concentration and 
obvious difference of pore diameters will also result in 
imbalance of holes edge weight on each cross section. 
Composite foams with modified spatial macrostructure 
possess excellent comprehensive characters [21-23]. 

 

Figure 3. Mean diameter and distribution range of AZ31B composite foam pores for composite foam A/B/C/D. 

It had been observed that the mean diameter of the pores in 
the composite foam with composite of calcium granules and 
Mg-30Ce as composite thickening agent was the smallest of 
all the specimens as shown in the Figure 3 (a); from the 
analysis of difference in pores diameter and the diameter 
distribution range of pores of the composite foam, Figure 3 (b) 
showed approximately 90% pore diameter was less than 1mm, 
more than 50% pores diameter was between 0.5mm and 
0.1mm and it showed none for greater than 2mm, so there was 
not obvious difference in pores diameter of the composite 
foam with calcium granules and Mg-30Ce as thickening 

agents. Compared with the other three specimens it was even 
more uniform and fine in pores diameter. 

With calcium granules as one kind of thickening agents, it 
had an obvious effect on the pore diameter and the porosity of 
the composite foam, the mean diameter of the pore was 
reduced to the original half and the porosity of four contrast 
experiments with different thickenings was shown in the Table 
2, it showed that the calcium granules make an significant 
effect on the porosity of the composite foam. With the calcium 
granules adding, the porosity was improved remarkably [24]. 

 

Figure 4. The distribution grades of pores on cross section of AZ31B composite foam. 
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Figure 4 showed that the pores roundness in the cross 

section of specimens for the two groups of specimens of the 
contrast experiments A to B and C to D, when Mg-30Ce was 
existing in the thickening agents, Figure 4 (a) showed that the 
percentage of pores with high roundness outline in the cross 
section was higher compared to the thickening agents without 
Mg-30Ce. The samples were as follows, in the first bar chart 
of Figure 4 (b), it accounted for nearly 90% pores in the cross 
section of specimen for experiment B,; Compared to 
experiment A, it was obvious that just nearly 60% pores in the 
cross section, when the pores roundness degree were at I - II 
grade. It meant that the degree of pores roundness of 
experiment B is higher than that in the experiment A. In the 
second bar chart of Figure 4 (b), compared experiment C with 

D, it accounts for nearly 80% pores in the cross section of 
specimen for experiment D, when the pores roundness degree 
grade were at I - II, which is lower than 50% in experiment C, 
it means the degree of pores roundness of experiment D is 
higher than the experiment C. It improved that with the 
Mg-30Ce in the thickening agents would improve the pores 
roundness degree, and make the pores close to perisphere. 

Fabricating magnesium matrix composite foam with 
composite thickening agents (calcium granules and Mg-30Ce) 
would improve the spatial structure, avoid defects and get 
fine-round porosity pores, uniform pores diameter, 
homogeneous distribution of pores and integrate pores wall, 
which decided the foaming effects and the overall 
performance of composite foam. 

3.3. The Mechanism Analysis for the Effects of Composite Thickening Agent on Composite Foam Spatial Structure 

 

Figure 5. Distribution of Ca and Si elements on cell walls of AZ31B/HCM composite foam with Ca and Mg-30Ce as thickening agent. 

Figure 5 Showed the SEM sweep surface images of 
AZ31B/HCMs composite foam with Ca and Mg-30Ce, it 
showed one round hole which had obvious metal foam holes’ 
features (furrows or micro crack formed in the cooling stage 
because of the shrinking percentage difference of the metal 
matrix and the gas pore) and the distribution of element and 
particles near the pores wall interface. In the thickening stage, 
rapidly stirring were for making HCMs and thickening agents 
distributed homogeneous in the liquid metal. The calcium 
granules as thickening agent were added to the liquid metal for 
increasing the liquid viscosity, meanwhile Figure 5 Ca-K (a 
surface map of the calcium element) showed that the calcium 

element was mainly distributed on the cell walls, the 
enrichment of calcium on the cell wall can make the cells wall 
more stable during the stirring process, more cells walls were 
more stable to prevent from being broken, therefore the 
porosity would be improved with the calcium granules [19, 22, 
25]. Figure 5 Si-K showed the distribution of Si element, the 
area was the particles position near the interface of cells wall. 
During the process of synthesis AZ31B magnesium alloy with 
HCMs for fabricating composite foam, the SiO2 of HCMs 
would produce chemical reaction with magnesium alloy, and 
Mg2Si would be created as the product, when the temperature 
was high during the casting [9, 10]. 
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Figure 6. Composition of particles on cell walls of AZ31B/HCM composite foam with Ca and Mg-30Ce as thickening agent. 

The solid particles near the cell walls in the matrix of 
magnesium alloy played a vital role on the developing 
composite foam due to controlling the foaming progress [28]. 
The particles had been in Figure 6 the composite foam can be 
evaluated as Mg-Al-Si and Mg-Al-Si-Mn compositions. It had 

been observed from SEM and XRD analysis. The presence 
particles near the interface of the cell walls in the composite 
foam had been illustrated as Mg2Si, Al8Mn5, it was shown in 
Figure 7 in details. Meanwhile HCMs some were penetrated, 
others were not penetrated existing near the cell walls. 

 

Figure 7. XRD detection results of AZ31B/HCM composite foam with Ca and Mg-30Ce as thickening agent. 

Compared the experiments A with C, and the experiments B 
with D, Mg-30Ce was the experiments’ variable element of 
the two groups of experiments. In the images of Figure 8 A 
and B, there were many blocky-shaped Mg2Si particles 
existed in the magnesium matrix. In the image of Figure 8 C 
and D, there were many dendritic Mg2Si particles existed in 

the magnesium matrix. Compared the two groups of images of 
Figure 8 a, c, A, C and B, D, it was obvious that the number, 
morphology, size of Mg2Si particles had a big shaking-out. 
The Mg-30Ce had an obvious influence on the product (Mg2Si) 
of SiO2 and magnesium. The Ce element would enrich in the 
interface of Mg2Si particles, which would make an effect on 
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the morphology of the particles, leading to the dendritic 
structure features, besides Ce would be set as the nucleation 

particles in the liquid metal for the Mg2Si particles, therefore, 
the numbers of the particles had an obvious increase [26-27]. 

 

 

Figure 8. Microstructure of the matrix of AZ31B/HCM composite foam with different thickening agents, A/a without thickening agent, C/c with Mg-30Ce, B with 

calcium granules, D with both calcium granules and Mg-30Ce. 

3.4. Influence of Foaming Stage for the Spatial Structure 

Foaming Process Simu 

Foaming stage was a vital process during fabricating 
composite foam. After thickening, there were many solid 
particles which the melting point was higher than the 

magnesium alloy [28-29]. Figure 9 showed an integrated final 
bubble of the composite foam, meanwhile showed the cell 
wall clearly. The apparent of the cell wall was not smoothly, it 
was obvious that some particles and some furrows were 
mounted on the cell wall. 
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Figure 9. Foaming schematic diagram of AZ31B/HCM composite foam. 

Figure 9 showed the foaming model analysis of 
AZ31B/HCMs composite foam. After thickening stage, the 
Mg2Si particles with dendrite morphology, HCMs and Al8Mn5 
particles with high-melting-point existed in the liquid metal, 
after adding the foaming agent, with the impeller stirring 
quickly, the foaming agent dispersed rapidly. Firstly, the 
primary bubble will hook on to the solid particles for lower 
resistance to produce in the liquid metal. Secondly, with the 
foaming agent decomposed the primary bubbles growed up 
gradually. At the same time, there were many different 
particles such as Mg2Si, Al8Mn5 and the HCMs surrounding 
near the interface of the primary bubble, which would balance 
the interfacial tension at any point of the pore for controlling 
the foaming to get round-shape pores in the composite foam 
[30-31]. 

4. Conclusion 

In the present study, an endeavor had been made to control 
the spatial structure of the composite foam such as the 
porosity, the distribution of pores, the range of pore size, the 
roundness of pore shape, analyzed the influences of the 
thickening and the foaming process, the following 
conclusion had been made: 

1) With similar modified melt foaming method for 
fabricating composite foam, different thickenings 
make a great difference in macrostructure of composite 
foam. 

2) The calcium granules are adding into the melting metal 
as the thickening, the final foaming effect shows a great 
improvement in the porosity and pore size of composite 
foam. 

3) Mg-30Ce is added into the melting metal as the 
thickening, the foaming effect shows a great 
improvement in the roundness of the composite foam. 

4) In the liquid metal, the Mg2Si particles morphology, 
number and distribution is influenced by the thickening 
Mg-30Ce. 

5) In the foaming stage, a processing model is set to 
introduce the primary bubble starting, growing and 
influencing factors for the roundness of bubbles. 
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