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A B S T R A C T   

Over the last ten years, magnesium (Mg)-based syntactic foams (SFs) have gained significant attention and their 
popularity continues to grow. This is because they possess unique properties such as high mechanical strength 
and are lightweight, making them potential candidates for applications in various industries, including aero-
space, automotive, and biomedical (especially in orthopedics). This article reviews and discusses different 
fabrication techniques used in producing magnesium-matrix syntactic foams (Mg-MSFs). These techniques 
include stir casting, disintegrated melt deposition, powder metallurgy, and melt infiltration. The review 
comprehensively analyzes microstructure specifications, mechanical properties, and corrosion behavior exhibi-
ted by Mg-MSFs fabricated to date. The findings suggest that the properties of these foams, including micro-
structural characteristics, mechanical properties, and corrosion behavior, are significantly influenced by factors 
such as filler particle amounts and properties, Mg alloy-matrix specifications, fabrication techniques, process 
parameters, and post-processing treatments (such as annealing and sintering). These factors play a crucial role in 
determining the final characteristics of the syntactic foams. While Mg-MSFs hold substantial importance and 
potential, a limited body of research exists in this area. Therefore, more research is necessary to comprehensively 
understand these structures, which will facilitate their effective utilization in both industrial and biomedical 
applications.   

1. Introduction 

Polymeric foams (PFs) have previously achieved low densities, 
reaching as low as 0.026 g/cm3, but they often suffer from low me-
chanical strength. The emergence of metallic foams (MFs) has intro-
duced a new frontier in materials research. In contrast to PFs, MFs 
demonstrate enhanced structural integrity and increased thermal and 
electrical conductivity, though this comes at the cost of higher foam 
densities. Nevertheless, there has been successful large-scale production 
of lightweight MFs with densities as low as 0.05 g/cm3 [1]. MFs are 
cellular structures of solid metal containing a significant volume of pores 
filled with gas or hollow reinforcements. The porosity of these foams 
generally falls within the 60%–90% range. It may take the form of 

isolated, interconnected, or hybrid structures that combine both isolated 
and interconnected porosities. MFs find extensive applications due to 
their outstanding properties, including remarkable specific strength, 
high specific stiffness, exceptional energy absorption (EA) capacity, 
effective vibration damping, and excellent sound attenuation, particu-
larly in foams with isolated or hybrid porosity. Simultaneously, foams 
with interconnected porosity exhibit superior heat transfer capabilities, 
reasonable electromagnetic shielding, infiltration, and catalytic poten-
tial [2,3]. MFs have wide-ranging applications in structural, biomedical, 
chemical, and functional fields thanks to their exceptional properties 
compared to base metals. Their cell structure significantly influences the 
utilization of MFs, distinguishing between open-cell (interconnected 
pores) and closed-cell (isolated pores) foams. Primarily, aluminum (Al), 
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steel, and iron foams have applications in the structural and aerospace 
industries [4,5]. 

In the realm of biomedical applications, metals, with their superior 
toughness and damage tolerance, often outshine bioactive ceramics and 
glasses for load-bearing orthopedic uses [5–8]. While they may not 
match the osteointegration and bioactivity of bioactive ceramics and 
glasses, metals like stainless steel, titanium (Ti), magnesium (Mg), zinc 
(Zn), and alloys such as Ti6Al4V are widely employed as orthopedic 
implants or in tissue engineering scaffolds [9–11]. A pressing need in 
orthopedics is the availability of biodegradable implants for clinical use. 
Biodegradable implants, designed to corrode and dissolve after surgery, 
obviate the need for a second surgery to remove the implant, thereby 
reducing costs and health risks for patients [12,13]. A problem arises if 
degradation rates in body fluids surpass the requirements for effective 
bone repair, resulting in premature loss of structural and mechanical 
integrity before complete bone healing [14]. Therefore, the enhance-
ment of the corrosion resistance and mechanical stability particularly of 
Mg alloys remains a significant and ongoing challenge [15,16]. Unfor-
tunately, Mg alloys are highly prone to corrosion, particularly in solu-
tions containing chlorine or carbonate, owing to their low potential 
(− 2.37 V) [17–20]. Consequently, their degradation rates in body fluids 
often exceed the requirements for effective bone repair, leading to 
premature loss of structural and mechanical integrity before complete 
bone healing [21]. As a result, enhancing the corrosion resistance and 
mechanical stability of Mg alloys has long been a significant challenge 
[14,22]. On the other hand, research suggests that Mg ions, a byproduct 
of the biodegradation of porous Mg, exhibit osteoconductive properties. 
These ions stimulate a significant increase in osteoblast activity sur-
rounding the implants, potentially leading to the complete replacement 
of the implant with bone tissue [23–25]. Mg and its alloys also find 
extensive use in various industrial sectors such as automotive, aero-
space, and defense due to their low density (approximately 1.74 g/cc) as 
it is 4.5 and 1.6 times less dense than steel and aluminum (Al), 
contributing to increased fuel efficiency and a reduction in greenhouse 
gas emissions. In the chemical industry, foams made from nickel and 
copper are extensively utilized [26]. 

Al-based alloys are widely recognized as the most commonly 
employed materials for producing MFs [27,28]. However, a range of 
other metals, including Ti [29,30], copper [31–34], steel, iron [35], 
nickel [36,37], Mg, and Zn, along with their alloys, have been utilized in 
the fabrication of MFs. Conventional foams face a challenge where 
increasing porosity often results in diminished strength and mechanical 
properties. Consequently, creating conventional foams for applications 
where both low density and high strength are crucial becomes nearly 
impossible. In response to this challenge, SFs have been developed to 
achieve low density concurrently with exceptional properties, including 
outstanding EA capabilities, high damping, and high specific strength 
[38–40]. 

SFs represent a modern iteration of traditional closed-cell foams and 
are a relatively recent category of composite materials. This innovative 
family of materials features a continuous matrix that incorporates a 
dispersion of hollow filler particles arranged in closely or randomly 
packed structures. These hollow structures can be made from various 
materials, including glass, ceramics, polymers, or metals. Initially uti-
lized in marine structures for their inherent buoyancy and low moisture 
absorption, SFs have gained prominence. The ability to customize the 
mechanical and thermal properties of SFs by manipulating factors such 
as material selection, hollow particle volume fraction, and hollow par-
ticle wall thickness has significantly contributed to the rapid expansion 
of their applications [41]. Metal syntactic foams (MSF) are produced by 
the dispersion of hollow or porous particles within a metallic matrix. 
Typically, they are regarded as closed-cell cellular materials [42,43]. 
Metal matrix syntactic foams (MMSFs) refer to SFs created using 
metallic matrices. While the minimum achievable density levels are 
typically higher than those of standard open or closed-cell MFs, MMSFs 
exhibit superior mechanical properties compared to traditional MFs 

[44]. MMSFs have been produced with different proportions of hollow 
particles. Incorporating significant amounts of hollow particles, like 
hollow activated carbon (AC) particles or hollow fly-ash cenospheres 
(FACs), into metallic matrices—such as pure Mg or Mg-based alloys like 
AZ91 leads to the creation of MMSFs with densities ranging from 1 to 
1.5 g/cm3, positioning them in direct rivalry with Polymer Foams (PFs) 
for applications that require low density [45,46]. The inherently supe-
rior modulus, ductility, and melting point of MMSFs compared to PFs 
make them highly appealing materials [47–50]. 

Among various MMSFs, most studies have focused on those with Al 
and Al-based alloys as matrices. However, Mg presents distinct and 
advantageous characteristics compared to Al, including lower density, 
higher specific strength, biodegradability, and mechanical properties 
resembling natural human bone. These qualities make Mg a more suit-
able candidate for specific industrial applications, such as fuel effi-
ciency, high-energy absorption, and biomedical applications. Despite 
these advantages, only a few studies have explored the production 
methods and assessed the characteristics of Mg-based matrix syntactic 
foams (Mg-MSFs) compared to their Al-based counterparts. This paper 
aims to offer a comprehensive review of fabrication techniques for Mg- 
MSFs, encompassing methods like stir casting, powder metallurgy (P/ 
M), and melt infiltration, along with an analysis of the influential pa-
rameters in their fabrication. Additionally, the review extensively covers 
the microstructural specifications, mechanical properties, and corrosion 
behavior (focusing on biomedical applications) of Mg-MSFs that have 
been fabricated to date. 

2. Filler properties 

Based on the properties of the fillers, SFs can be divided into three 
categories: monomodal SFs, utilizing a single filler with uniform size, 
chemical composition, and shell porosity; bimodal SFs, incorporating 
two different fillers; and multimodal SFs, incorporating more than two 
types of reinforcements. The majority of studies conducted thus far have 
concentrated on creating and describing monomodal SFs. The agents 
that create pores in SFs can be categorized based on their overall outer 
shape into hollow spherical particles, often called microballoons, and 
pseudospherical particles known as cenospheres. It’s worth noting that 
using microballoons tends to be more expensive than cenospheres. 
These particles may exhibit multi-pore or mono-pore internal 
morphology and can range in size from a few microns to a few milli-
meters. Metallic and non-metallic hollow particles can synthesize SFs 
[51–54]. Common non-metallic hollow particles used for fabricating SFs 
include glass microballoons (GMBs) (Fig. 1A(a) [55]) or hollow glass 
microballoons (HGMBs), fly-ash particles (Fig. 1A(b-e) [56]), hollow 
carbon spheres (HCSs), ceramic microballoons (CMBs) such as alumina 
(Fig. 1A(f) [57]), silica (SiO2), and silicon carbide (SiC), expanded glass 
(EG) [42,58,59], and expanded perlite (EP) [60,61]. Some particles may 
feature porosity embedded in their shells, diminishing the strength of 
the shell and potentially causing breakage during processing. This, in 
turn, leads to the filling of porosities with molten Mg, resulting in a 
reduction of porosity volume in the SFs [51]. The substantial surface 
area of these particles improves the interfacial bond with the matrix 
material, leading to the formation of strong bonds [43]. These hollow 
particles are available in various sizes, ranging from nanometers (nm) to 
millimeters (mm), and are composed of different materials. 

Due to their cost-effectiveness and widespread availability, fly ash 
particles are widely utilized as hollow particles in producing SFs. These 
fillers can be classified based on their porosity morphology into three 
classes: precipitators (solid or nearly solid particles), plerospheres (large 
particles with a compact shell containing small hollow spheres in the 
inner space), and cenospheres (low density hollow particles with 7–8% 
porosity in the shell, such as fly-ash cenospheres (FACs)) [62]. Fly ash 
particles are typically gray to buff in color and have diameters ranging 
from 0.5 to 100 μm and a density ranging from 0.4 to 1.0 g/cc [53]. 
Comprising predominantly aluminosilicate composition, FACs also 
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contain numerous trace elements, posing challenges in studying the 
interfacial reactions and microstructures of the resulting composites 
[51,53]. Moreover, given that fly-ash is a by-product derived from 
coal-fired power plants, integrating FACs as the agent forming pores in 
SFs provides an efficient approach to repurposing industrial waste, 
concurrently leading to cost reduction in manufacturing foams. Conse-
quently, Mg-MSFs containing FACs present themselves as attractive 
novel materials, thanks to their captivating physical and mechanical 
interactions, and their accessibility at comparably lower costs. It’s 
important to note that FACs must undergo a conditioning process to 
eliminate impurities and selectively collect intact low-density particles 
[51]. It is worth noting that FACs have high porosity within their shell 
and uneven surfaces. This promotes the production of microvoids at the 
interface between FACs and metal matrices, such as Mg and Mg-based 
alloys. Furthermore, FACs have an uneven distribution in wall thick-
ness, ranging from around 1.5 to 7 μm [63–65]. 

The properties and effects of the common reinforcements used to 
fabricate Mg-MSFs on the properties of fabricated foams and the SEM of 
these reinforcements are described in the following sections. For 
MMSFs, since generally, reinforcements have comparably lower den-
sities than the metallic matrix, utilizing a high quantity of hollow re-
inforcements reduces the density of the MMSF. This makes it more 
suitable for applications where low density is an important factor. 
However, using a very high volume of hollow reinforcements can 
significantly reduce the mechanical properties of the MMSF or even 
decrease the integrity of the foam structure. The right portion of fillers 
should be chosen based on the mechanical and density requirements for 
the intended use. Furthermore, the effectiveness of the MMSF in 
achieving high mechanical strength and low density is highly dependent 
on the homogeneous distribution of the reinforcements in the metallic 
matrix [53–56,65]. 

3. Fabrication techniques 

Various factors such as the chemical composition of the metallic 
matrix, specifications of fillers such as their shape, chemical composi-
tion, and diameter, the fabrication technique and its parameters, the 
aspect ratio of matrix to fillers, volume fraction of fillers in metallic 
matrix, and post-fabrication processing techniques such as annealing 

and heat treatment can significantly affect the target MMSF’s properties. 
Among these factors, thoroughly considering fabrication techniques and 
accurately fine-tuning fabrication parameters is crucial since these fac-
tors can significantly impact the properties of the manufactured MMSFs 
[67,68]. Three primary methods are utilized in the production of 
MMSFs: stir casting techniques (SCTs), melt infiltration technique 
(MIT), and powder metallurgy (P/M) technique. The melting tempera-
ture of the metal matrix primarily dictates the choice of the optimal 
method. Alloys with elevated melting points, such as those based on Ti 
or iron (Fe), are typically processed using P/M techniques. In contrast, 
alloys with low to medium melting points, such as those based on Tin 
(Sn), Zn, Mg, or Al, are generally processed using SCTs or MITs [69,70]. 

3.1. Stir casting techniques (SCTs) 

The conventional stir casting (CSC) method is viable for fabricating 
Mg-based foam/scaffolds. This technique is widely recognized as the 
most common, cost-effective, and straightforward among SCTs. Its 
simplicity stems from conceptually straightforward procedures at the 
process level, necessitating basic equipment such as a furnace, stirrer, 
recipient, and solidification mold. The CSC process involves three main 
steps, as shown in Fig. 1B [66]. First, there is a focus on the thermal 
compatibility of components, which includes melting the matrix in the 
furnace and preheating fillers. This preheating step enhances wetta-
bility, ensuring a more homogeneous dispersion in the metal matrix 
while preventing agglomeration. The second step consists of stirring the 
melt until an adequate vortex is achieved, with the addition of fillers at a 
specific rate. This stirring process is conducted for a few minutes 
[69–71]. The final step entails pouring the resulting mixture into a 
preheated mold at a specific temperature, mitigating thermal shock. It 
has been observed that adding particles before stirring the melt does not 
impact the properties of the final materials. Following the stir casting 
method, either slow solidification or centrifugal casting processes can be 
employed, resulting in a high concentration of particles in the upper 
section of the casting. This upper part can be utilized as the highly filled 
SF, while the lower part can be recycled in subsequent heats [66]. 
Various CSC process parameters that can significantly influence the 
characteristics of the produced MMSFs and their effects are outlined in 
Table 1. 

Fig. 1. (A) (a) SEM image of glass microballoons [55], Scanning electron microscope of FACs in different scales: (b) 20 000 × , (c) 50 000 × , (d) 10 0000 × , (e) 2 00 
000 × [56], and (f) SEM image of the alumina (Al2O3) hollow spheres [57], (B) Schematic illustration of conventional stir casting method for MMSF fabrication [66]. 
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As indicated in Table 1, process parameters, which are not consis-
tently accessible to regulate during fabrication, significantly influence 
the properties of the manufactured MMSF. Consequently, supplemen-
tary measures have been incorporated into the CSCs process to enhance 
the controllability of processing parameters and mitigate adverse oc-
currences, such as particle floatation or agglomeration, and/or to 
facilitate the attainment of desired parameters, such as achieving the 
target viscosity of the molten metal or uniform dispersion of filler par-
ticles. These modifications include utilizing a gentle compression on the 
slurry after dispersing hollow fillers in the molten metal matrix until it 
solidifies, incorporating a thickening agent (typically Ca) into the 
molten material before introducing the space holders, or employing a 
vacuum die casting system positioned beneath the crucible of the stirrer 
as the pouring mechanism. The details of these additional steps and their 
impact are comprehensively discussed elsewhere [66].  

• Disintegrated melt deposition (DMD) method 

DMD stands out as a distinctive and cost-effective technique 
combining spray processing and CSC benefits. This approach utilizes 
elevated superheat temperatures and lower impinging gas jet velocities 
to produce bulk composites and foam-based materials, particularly those 
based on Mg-based alloys. Notably, DMD showcases energy efficiency, 
resulting in a 20%–30% reduction in material wastage compared to 
traditional casting processes. Furthermore, it exhibits the potential to 
create composites with consistently distributed fillers and attain a finer 
grain size [76,77]. The process of producing Mg-based composites, 
reinforced with filler particles like Mg-MSFs using the DMD method, 
involves heating a layered structure of Mg chips/turnings and rein-
forcement powder to a temperature exceeding 650 ◦C. This operation is 
conducted in an inert atmosphere, mainly of argon, within a graphite 
crucible equipped with a resistance-heating furnace. The crucible is 
designed explicitly for bottom pouring. Once the superheat temperature 
is achieved, the molten slurry undergoes stirring for 5 min at around 
450–465 rpm, employing a mild steel impeller with twin blades and a 

Table 1 
A summary of the effect of process parameters on the properties of MMSFs 
fabricated by the CSC technique.  

Process 
parameter 

Effect Remarks Ref. 

Molten metal 
temperature 

High effect on 
viscosity and particle 
dispersion  

1. The optimal 
temperature should be 
chosen based on the 
best condition for 
particle dispersion.  

2. Using very high 
temperatures could 
lead to severe erosion of 
the stirrer, extreme 
chemical interaction 
between the melt and 
particles which might 
lead to the penetration 
of molten metal into the 
particles, residual gas 
incorporation, severe 
oxidation of molten 
metal, or even its burn, 
can occur in the case of 
alloys rich in Mg, and 
increasing the 
possibility of low- 
density fillers 
floatation.  

3. Employing extremely 
low temperatures 
results in elevated 
viscosity, making it 
challenging to pour the 
melt and causing weak 
and uneven dispersion 
of particles. 

[72] 

Stirrer 
properties 

Significantly impacts 
the dispersion of the 
fillers in the melt  

1. The optimum stirrer 
diameter is achieved 
when solid particles 
fluidize uniformly in 
both the central and 
marginal sections at an 
equal rate. Studies 
suggest that the stirrer 
diameter should be 0.4 
times the vessel 
diameter (D), with the 
blade width falling 
within the range of 
0.1–0.2 times D.  

2. The stirrer design 
should enable close 
positioning to the 
crucible wall, ensuring 
a strong shear force and 
the creation of a vortex 
for efficient filler 
dispersion in the melt.  

3. Excessive stirrer speeds 
can result in damage to 
the fillers’ walls and the 
penetration of molten 
metal into them, while 
very low speeds do not 
yield optimal 
dispersion of the fillers. 

[72–74] 

The rate of 
adding fillers 
to the melt 

Significantly 
influence the 
dispersion of fillers 
and the formation of 
clusters.  

1. Adding fillers with high 
speed leads to 
heterogeneous 
dispersion of the filler 
and increases the 
possibility of cluster 
formation and 
agglomeration.  

2. Slow rates of 
incorporation prolong 

[75]  

Table 1 (continued ) 

Process 
parameter 

Effect Remarks Ref. 

the total duration of 
introducing the fillers. 

Atmosphere 
conditions 

Effect on metal 
matrix oxidation  

1. In its molten state, 
metal experiences 
increased interaction 
with the atmosphere, 
leading to a higher 
oxidation rate. Mg and 
its alloys exhibit a 
higher oxidation rate 
than other metals like 
aluminum (Al) or iron 
(Fe), which may lead to 
alloy burning.  

2. Using an inert gas such 
as argon or a 
combination of SF6 and 
CO2 can significantly 
reduce oxidation. 

[73] 

Material and 
temperature 
of the mold 

Significantly 
influence both the 
cooling rate and the 
uniform distribution 
of fillers.  

1. Preheating the mold 
can inhibit the 
floatation of the fillers 
in the pouring stage.  

2. Cooling rate is highly 
affected by the mold 
material. Metal mold 
presents fast cooling 
rates. As an example, 
iron molds possess a 
high heat extraction 
capacity. 

[75]  
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pitch of 45◦. This stirring process aids in the integration and homoge-
neous dispersion of the reinforcement particles within the metal matrix, 
ensuring a consistent temperature throughout the process. The impeller 
is predominantly coated with Zirtex 25, which contains 86% ZrO2, 8.8% 
Y2O3, 3.6% SiO2, 1.2% K2O, and Na2O, along with 0.3% trace inorganic 
components. This coating aims to prevent any iron contamination in the 
molten metal. Subsequently, the molten metal is discharged through a 
10 mm diameter orifice at the crucible’s base. To disintegrate the 
composite melt, two argon gas jets are oriented perpendicular to the 
molten stream, leading to its deposition onto a metallic substrate [63, 
77–80]. This method facilitates the creation of either Mg-based com-
posites or Mg-MSFs, depending on the nature of the particles utilized as 
reinforcements, whether they are filled or hollow. Certain challenges 
need to be addressed when employing the DMD technique (Fig. 2A 
[78]), including the potential for oxidation and contamination of the 
molten metal, susceptibility to thermal shock, residual stresses within 
the composite, and challenges related to large-scale production and 
intricate shapes [81,82]. These factors can remarkably impact the 
resulting Mg-based foam’s mechanical characteristics and corrosion 
resistance. It’s worth noting that DMD can be viewed as a modified 
version of CSC. Following the DMD process, hot extrusion can be 
employed to attain the desired shape for the foam or composite.  

• Compo-casting 

Compo-casting, a method akin to CSC, involves introducing particles 
into a metal during a semi-solid phase rather than in its liquid state [83]. 
Huang and Yu [84] employed this technique to create AZ91D Mg 
alloy/FAC composites. Initially, they heated the Mg alloy to 720 ◦C in an 
electric furnace crucible and gradually cooled it to 590 ◦C to achieve a 
semi-solid phase. Subsequently, FAC particles were introduced into the 
semi-solid Mg-based matrix, and the mixture was stirred to ensure a 
uniform dispersion of fillers within the molten metal. In the final step, 
the slurry is quickly reheated to 720 ◦C for 15 min, cast into a preheated 
mold at 200 ◦C, and left to cool slowly, resulting in the fabricated 
Mg-based composite. 

3.2. Melt infiltration technique (MIT) 

As previously discussed, the MIT is primarily employed for alloys 
with lower melting points, such as Mg. This process entails establishing a 
particle bed within a mold, melting the metal, and infiltrating it into the 
bed under either high pressure, vacuum, or a combination of both 
(Fig. 2B [45]). This infiltration can occur in either an upward or 
downward direction. Subsequently, the sample is cooled to complete the 
process [85]. It is important to highlight that precise control over the 
particle preheat temperature and melt superheat temperature is essen-
tial to avoid incomplete infiltration and minimize the risk of freeze 
choking of the melt. Accurately controlling these temperatures plays a 
pivotal role in ensuring the success of the infiltration process [86,87]. 

Fig. 2. (A) Schematic illustration of the setup of the DMD technique [78], (B) Illustration of the counter gravity infiltration casting process [45], (C) a schematic 
illustration of powder metallurgy technique utilizing cold compaction, and (D) schematic illustration of powder metallurgy technique utilizing cold compaction. 
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Although MIT presents numerous advantages, including the capability 
to produce metal matrix composites (MMCs) with high volume fractions 
of fillers and uniform dispersion of fillers without additional processing 
steps [1,88,89], it also has some limitations that should be mentioned. 
These include the inability to produce MMSFs with low volume fractions 
of particles [87,90], shape ability constraints due to the technique’s 
limitation to infiltrate only thin beds of fillers and the inability of the 
infiltration mold to support complex geometries [91], the possibility of 
particle fracture and penetration of the molten metal into particles 
under MIT with high-pressure methods, and the potential need for 
additional costs or specialized equipment to prepare special preforms of 
fillers [67]. 

Attaining successful infiltration of metallic-based materials like Mg 
and its alloys without filler particle breakage necessitates maintaining a 
minimum threshold pressure within the infiltrating system. This pres-
sure can be determined theoretically or experimentally customized for 
specific Mg-MSF. The Young-Laplace equation is a fundamental 
approach among the various models developed. It relies on a hydraulic 
radius influenced by the shape and volume fraction of the fillers. By this 
equation, when the necessary threshold pressure is below 1 bar, it can be 
produced using a vacuum instead of applying additional pressure 
[92–94]. Furthermore, the Young-Laplace equation incorporates con-
siderations for the filler’s surface tension and wetting angle. The 
wettability of fillers, in particular, plays a crucial role in determining the 
threshold pressure of infiltration. In cases where fillers exhibit low 
wetting properties, applying external pressure becomes essential to 
ensure the proper filling of interstitial spaces within the bed of fillers or 
preform. Alternatively, a strategy to address this challenge involves 
coating the particles with materials that enhance their wettability with 
the molten metallic matrix [87,95]. Pre-forms crafted from fillers 
exhibiting favorable wetting properties can undergo spontaneous filling 
with molten metallic matrix. This spontaneous filling occurs due to the 
metallostatic weight of the molten metallic matrix, enabling the natural 
flow and penetration into the pre-form [67]. Significantly, MIT finds 
application in infiltrating molten metal into a bed of fillers, facilitating 
the fabrication of MMSFs like Mg-MSFs. Various methods employed in 
these techniques encompass centrifugal infiltration, counter-gravity 
pressure infiltration (assisted by gas or mechanically), downward pres-
sure infiltration (assisted by gas or mechanically), and downward 
pressure-less infiltration. Comprehensive descriptions of these tech-
niques can be found elsewhere [67]. Within these techniques, 
counter-gravity pressure infiltration, also recognized as sub-atmospheric 
pressure infiltration, stands out as the most commonly employed 
method for fabricating Mg-MSFs. The potential for Mg ignition during 
the fabrication of Mg-MSFs using SCTs and MIT is heightened due to the 
elevated temperatures involved in these techniques. Several methods 
can be employed to address this challenge. One approach involves 
enhancing the ignition properties of Mg by incorporating minute 
quantities of rare earth elements, like Yttrium (Y). Another effective 
strategy is the addition of nano-reinforcements like La2O3 and ZnO to 
the Mg or Mg-based alloy matrix [96]. Parande et al. [97] demonstrated 
that adding 2 vol% of SiO2 nano-particulates to monolithic pure Mg led 
to a notable increase in the ignition temperature, reaching 611 ◦C. This 
elevation represents an approximately 20 ◦C improvement compared to 
the ignition temperatures observed in pure Mg and AZ31 alloy. 

3.3. Powder metallurgy (P/M) technique 

While the P/M technique is typically favored for metals with high 
melting points, it is applicable in the fabrication of Mg and Mg-MSFs. 
Although Mg and its alloys inherently have low melting points, the P/ 
M method demonstrates effectiveness due to addressing challenges 
associated with liquid Mg/Mg-based alloys, such as high vapor pressure 
and susceptibility to oxidation, which are common side effects in SCTs 
and MITs. The key lies in employing lower temperatures during fabri-
cation [98–100]. Expanding upon the benefits of the P/M technique, it 

allows for incorporating diverse reinforcement particles with varying 
volume fractions and diameters. Nonetheless, it is essential to 
acknowledge certain drawbacks. Notably, there is a risk of substantial 
fracture of weak hollow particles (fillers) during the compaction stage, 
mainly when dealing with high-volume filler fractions. The P/M tech-
nique comprises three primary steps: homogeneous mixing of compo-
nents, compaction of the mix to make a green compact, and subsequent 
sintering of the compacted part [101]. 

The P/M process begins by combining filler particles with metal 
matrix powder to create a mixture with uniform component dispersion. 
Component characteristics and blending equipment must match to 
achieve a uniform and more homogeneous distribution. Powder char-
acteristics—particle size, shape, density, and surface featur-
es—determine mixing equipment [102]. This is done with various 
mixing devices, such as V-type, double cone, slant cone, and cube 
tumble blenders. Ribbon or screw blenders, which have minimal shear, 
should mix hollow particles that are sensitive to shear forces. Stirrers are 
mainly used to improve the dispersion and homogeneity of fillers and 
the mixture. Although stirrers with high speeds enhance homogeneous 
filler dispersion, extreme speeds may break filler particles while mixing, 
which should be avoided. It’s also important to note that adding a binder 
can improve the metallic matrix powder and reinforcements’ mixing 
uniformity. The characteristics of the target metallic powder and rein-
forcing particles should be considered while choosing the binder [102, 
103]. Among mixing equipment, using a ball mill could be regarded as 
the most commonly used method in Mg-based foam fabrication by the 
P/M technique [104–106]. 

In the second step, the target metal powder and filler particles are 
combined and compressed inside an appropriate die to create a spec-
imen replicating the die’s internal geometry. The term "green compact" 
refers to this compressed mixture. Both hot and cold compaction pro-
cesses can be utilized at this stage. Hot compaction, also known as hot 
pressing, is a two-step process involving high temperatures to compress 
a blend of powders, followed by sintering. This method effectively 
combines compaction and sintering within a single chamber. Main-
taining a temperature lower than the critical melting points of the 
metallic matrix and reinforcement powders during hot compaction is 
crucial to ensure proper blending without melting [101–107]. In 
contrast, cold compaction takes place at ambient temperature, and the 
resulting green compact undergoes sintering only at the subsequent 
sintering stage. Moreover, when selecting the appropriate technique, the 
characteristics of the matrix/reinforcement powder mixture must be 
carefully considered. It is crucial to avoid applying excessive mechanical 
force during the compaction phase, as it may lead to the fracture of 
reinforcement shells. This phenomenon needs to be prevented in both 
hot and cold compaction processes [101,107]. Schematic illustrations of 
the P/M technique utilizing cold compaction and hot pressing are pro-
vided in Fig. 2C and D, respectively. 

The third stage involves sintering, a crucial heat treatment that leads 
to the process that transforms a mixture of powders into a functional 
product with the desired microstructure, especially applicable to 
metallic-based alloys such as Mg-based alloys. Sintering is necessary to 
provide sufficient integrity and particle fusion in Mg-MSFs, which in-
creases the mechanical properties of Mg-MSFs. The sintering process can 
be categorized into four main types: solid-state, viscous, liquid-phase, 
and pressure-assisted. Solid-state sintering involves fully densifying 
the powder compact at the designated sintering temperature without 
any liquid phase present. On the other hand, liquid-phase sintering oc-
curs when a liquid phase is present in the powder compact during the 
sintering process. Viscous sintering involves the presence of a viscous 
liquid phase throughout the process. On the other hand, pressure- 
assisted sintering includes applying external pressure during the sin-
tering process. Pressure-assisted sintering encompasses a range of 
methods, including uniaxial hot pressing, hot isostatic pressing, sinter 
forging, and spark plasma sintering (SPS). Each technique plays a 
distinct role in achieving specific material properties and product 
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characteristics during the sintering stage [46,108,109]. 
Based on the sintering agent, the sintering process can be categorized 

into four types.  

1) Conventional sintering: This method relies solely on heat for the 
sintering process, thus requiring elevated temperatures for its 
execution.  

2) Hot pressing: This process employs heat and external pressure for the 
sintering process, as discussed earlier.  

3) Microwave sintering (MWS): In this method, the primary mechanism 
for generating the required heat for sintering is the interaction be-
tween electromagnetic waves and dipoles in the material. The ma-
terial involved can be the substrate itself or an additional susceptor. 
MWS offers several advantages over conventional sintering and hot- 
pressing techniques. It is notably faster, consumes less energy, and 
does not necessitate mechanical pressure. These advantages signifi-
cantly mitigate the risks of undesirable effects, such as filler particle 
fracture or unintended interfacial reactions between the matrix and 
filler particles [110,111]. Recent research conducted by Batienkov 
et al. [112] extensively elucidated the MWS of metallic powders, 
detailing its parameters and distinctive features.  

4) Hybrid microwave sintering: This method employs a combination of 
microwaves and other elements such as heat to sinter the green 
compact. The environmentally friendly nature of hybrid MWS con-
tributes to enhanced end-application properties, along with signifi-
cant reductions in processing time and costs. The integration of the 
P/M process with hybrid microwave sintering represents a prevalent 
processing approach for fabricating Mg-MSFs, as demonstrated in 
various studies [113]. 

In the context of Mg-MSFs, silicon carbide (SiC) stands out as one of 
the susceptors suitable for MWS or hybrid MWS. To mitigate the 
oxidation of Mg during the sintering stage, an inert gas, typically argon, 
is commonly utilized in the surrounding environment [114]. Subse-
quently, the produced foam can be extruded to attain the desired shape 
[77,113]. It’s crucial to emphasize that extended sintering cycles lasting 
several hours, as seen in traditional sintering techniques, not only 
escalate manufacturing expenses but can also result in the formation of 
undesirable brittle products at the interface between the matrix and 
filler particles. 

AZ (aluminum-zinc) and ZC (zinc-copper) Mg-based alloys stand out 
as the most prevalent Mg-based alloys employed for the fabrication of 
Mg-MSFs through various described methods [46,47]. Notably, the 
techniques elucidated in this paper are adaptable for creating foams 
with open-pore structures. In fabricating such foams, particles serving as 
reinforcements in the SFs must be designated as pore-making agents and 
subsequently eliminated post-fabrication. These particles can be 
removed through diverse methods, including heating [115–117] or 
employing a suitable electrolyte solution [118]. The selection of the 
technique for particle (pore-making agents) removal should align with 
the properties and characteristics of the particles involved. Table 2 
summarizes the SFs with different Mg-based matrixes, along with the 
information on the fabrication method and fillers. 

According to the described techniques, the main drawback of SCTs 
and MITs is that they apply higher temperatures than the P/M tech-
nique. This can increase the possibility of Mg-based matrix ignition and 
a severe reaction between the molten matrix and fillers, leading to 
hollow filler particle penetration. On the other hand, although in the P/ 
M technique lower temperatures are applied, the applied physical 
pressure in this technique can lead to hollow filler particle fracture. The 
pros and cons of each fabrication technique are listed in Table 3 [135]. 

Table 2 
Various SFs with different Mg-based matrixes and filler properties, fabricated by 
SCT, MIT, and P/M processes.  

Fabrication 
technique 

Matrix material Filler properties Ref. 

Stir casting ZC63 Mg-alloy Fly ash microballoons 
Mean particle diameter 
= 100 μm 
Density = 0.6 g/cm3 

[72] 

Stir casting AZ91D Mg-alloy Hollow glass 
microspheres 
Filler percentage = 15, 
20, and 23 wt% 
Mean particle diameter 
= 45 μm 
Density = 0.37 g/cc 

[73] 

Stir casting AZ31 Mg-alloy Hollow alumina 
microspheres 
Filler percentage = 5, 
10, and 15 vol% 
Mean bubble diameter 
= 0.3–0.6 mm 

[119] 

DMD Pure Mg Hollow glass micro 
balloons 
Filler percentage = 5, 
15, and 25 wt% 
Mean particle diameter 
= 11 μm 
Density = 1.05 g/cc 

[79, 
80] 

DMD Pure Mg HSNS 
Filler percentage = 0.5, 
1.0, 1.5 and 2.0 vol% 
Mean particle diameter 
= ~10–20 nm 

[120] 

DMD Pure Mg HSNS 
Filler percentage = 0.5, 
1.0, 1.5 and 2.0 vol% 

[121] 

DMD Pure Mg FACs 
Filler percentage = 0.5, 
1.0, 1.5 and 2.0 vol% 
Mean particle diameter 
= 60 μm 
Density = ~0.45 g/cc 

[63] 

DMD Pure Mg HSNS 
Filler percentage = 0.5, 
1.0, and 1.5 vol% 
Mean particle diameter 
= 10–20 nm 

[122] 

Compo-casting AZ91D Mg-alloy FACs 
Filler percentage = 5 wt 
% 
Average particles 
diameter = ~100 μm 

[84] 

Pressure 
infiltration 

AZ91 Mg-alloy spherical FACs 
Average particle 
diameter = ~180–250 
μm 

[123] 

Pressure 
infiltration 

Cp-Mg, AM20, AM50, 
and AZ91 Mg-alloys 

Hollow sintered 
alumina spheres 
Filler percentage = 63 
vol% 
Using fillers with 
different diameters =
2.8 mm with wall 
thickness of 133 or 181 
μm and 3.7 mm with 
115 or 150 μm 

[85] 

Pressure 
infiltration 

Mg60Cu21Ag7Gd12 Iron hollow spheres 
Average filler 
percentage = 62 vol% 
Mean particle diameter 
= 1.87 ± 0.10 mm with 
a wall thickness of 41.5 
μm 
Net sphere density = 1.0 
± 0.1 g/cm3 

[124] 

(continued on next page) 
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4. Properties 

4.1. Microstructure properties 

The microstructural features directly and substantially impact the 

Table 2 (continued ) 

Fabrication 
technique 

Matrix material Filler properties Ref. 

Sub-atmospheric 
Pressure 
infiltration 

AZ91 Mg-alloy SiC hollow particles 
Filler percentage = 50 
vol% particle nominal 
diameter = 1 mm with a 
particle wall thickness 
of 70 μm 
particle bulk Density =
0.7 g/cm3 

[125] 

Sub-atmospheric 
Pressure 
infiltration 

AZ91D Mg-alloy Hollow alumina spheres 
Filler percentage = 50 
vol% 
Reinforcement particles 
diameter and their bulk 
densities = particles 
with three different 
diameters 
(0.106–0.212 mm with 
the bulk density of 2.03 
g/cc, 0.212–0.425 mm 
with the bulk density of 
1.33 g/cc, and 
0.425–0.500 mm with 
the bulk density of 1.24 
g/cc) 

[126] 

Sub-atmospheric 
Pressure 
infiltration 

AZ91D Mg-alloy SiC hollow particles 
Average particles 
diameter = 2 mm 
Average particle wall 
thickness = 130 μm 

[127] 

Gas pressure 
infiltration 
technique 

Pure Mg Active carbon hollow 
spheres 
Average particles 
diameter = 534 μm 

[128] 

Counter-gravity 
infiltration 

AZ91 Mg-alloy Active carbon particles 
Filler percentage =
58.75 vol% 
Particles bulk density =
0.47 g/cm3 

[45] 

Pressure 
infiltration 

Pure Mg Hollow ceramic spheres 
(comprising 35 wt% 
Al2O3, 45 wt% 
SiO2 and 20 wt% 
mullite) 
Particles outer 
diameter = 1.45 mm 
Particles wall thickness 
= 250 μm 

[129] 

Low-pressure 
infiltration 

Commercially pure Mg G1.45 Globocer hollow 
spheres (consisting of 
35 wt% Al2O3, 45 wt% 
SiO2 and 20 wt% 
mullite) 
Particles outer 
diameter = 1.45 mm 
Particles wall thickness 
= 250 μm 

[130] 

Low-pressure 
infiltration 

Commercially pure Mg G3.83 Globocer hollow 
spheres (consisting of 
99.7% Al2O3; 0.3% 
other oxides) 
Particles outer 
diameter = 3.83 mm 
Particles wall thickness 
= 150 μm 

[130] 

P/M + hybrid 
MWS followed 
by a hot 
extrusion 
process 

Mg powder with a size of 
60–300 μm 

FACs 
Filler percentage =
varied from 5 to 15 wt 
%. 
Average particles 
diameter = ~50 μm 

[113] 

P/M + rapid MWS AZ61 Mg-alloy powder 
with a size of 150–300 
μm 

A combination of both 
leachable spherical 
carbamide granules and 
hollow fly ash 
microspheres 

[131]  

Table 2 (continued ) 

Fabrication 
technique 

Matrix material Filler properties Ref. 

Filler percentage 
Carbamide granules 
properties 
Diameter: 0.50–0.90 
mm fly ash microsphere 
properties 
Density: 0.70 g/cm3 

Diameter = Ø 100–250 
μm 
Wall thickness = 16.08 
± 7.70 μm 

P/M + MWS AZ61 Mg-alloy powder 
with a size of ~50 μm 

Hollow fly ash 
cenosphere particles 
Filler percentage = 20, 
30, and 40 vol%. 
Average particles 
diameter = ~50 μm 
Particles bulk density =
0.70 g/cm3 

[132] 

P/M + hybrid 
MWS 

Mg powder with a purity 
of 98.5% and a size 
ranging from 60 to 300 
μm 

Hollow spherical GMBs 
(soda-lime borosilicate 
glass, iM30K) 
Filler percentage = 5, 
10, and 20 wt% 
Average Particles size =
16 ± 6 μm 
Particles density =
~0.6 g/cc 
Particles crush strength 
= 193 MPa 

[133] 

P/M with hot 
extrusion 
followed by 
DMD 
techniques 

Mg turnings with 99.9% 
purity 

HGMBs 
Filler percentage = 20 
wt% 
Particles diameter = 11 
μm 
Particles density =
~1.05 g/cc 

[76] 

Vacuum die 
casting 

AZ91D Mg-alloy Hollow glass 
microspheres 
Filler percentage = 10 
wt%, 15 wt%, and 20 wt 
% 
Particles diameter = 45 
μm, 55 μm, and 65 μm. 

[134]  

Table 3 
The key information of fabrication technique of particle reinforced metal foams 
[135].  

Technique Main advantages Main drawbacks 

Stir casting  1. Simplicity  
2. Low cost  

1 Limited volume fraction 
of additives  

2. Inhomogeneous 
distribution of particles 

Gas injection  1. Simple and straightforward  
2 Mass production  

1. Hard to control foaming 
process  

2. Nonuniform cell sizes 
Powder 

metallurgy  
1. Homogenous microstructure  1. Unsuitable for mass 

production  
2. The equipment is 

relatively expensive 
Infiltration  1. Homogenous foam 

microstructure and distribution 
of particle  

2. Suitable for various particle sizes 
and volume fraction of particles  

1. Relatively complicated 
and expensive  
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mechanical properties and EA characteristics of MMSFs. The micro-
structural attributes of MMSFs can be adjusted through the fabrication 
technique and its parameters, the chemical composition and compo-
nents of the metallic matrix, and the reinforcement parameters and 
features such as chemical composition, wall thickness, volume fraction, 
and size distribution. Through these adjustments, both the overall 
microstructural and mechanical characteristics can be tailored and 
regulated [87,114,136]. 

Typically, MMSFs are composed of isolated pores. The microstruc-
ture of an MMSF comprises a metallic matrix as the continuous phase, 
primary porosities created by the internal space of hollow particles 
(fillers), and matrix voids primarily formed at the interface of the outer 
surface of fillers and the metallic matrix. The origin of these matrix voids 
lies in the heterogeneous structure of the filler shells, resulting from 
microporosities in the filler shell. Additionally, the production of gas 
from fractured particles and the shrinkage effects of the metallic matrix 
can further contribute to the formation of matrix voids (Fig. 3A [47]). 
These microvoids, although generally regarded as unfavorable occur-
rences due to their potential to lead to unpredictable reductions in the 
mechanical properties of MMSFs, can be advantages in applications 
where achieving low density is the primary objective, the presence of 
these microvoids can be advantageous, provided that the necessary 
mechanical properties are still met [47,136]. 

SCTs have been employed in various studies to fabricate Mg-MSFs as 
it is a straightforward process. Daoud et al. [72] utilized this method to 
fabricate a composite of ZC63 Mg-based alloys reinforced with 10%, 
20%, and 25% volume fractions of fly ash microballoons. The 

microstructural evaluation revealed that the microstructure of the un-
reinforced ZC63 in its as-cast condition exhibited a typical dendritic 
structure (Fig. 3B(a)), consisting of α-Mg and Mg (Zn, Cu)2 eutectic 
phases, Cu5Zn8, and CuMnZn at the interdendritic regions. In the case of 
ZC63 composite foams, uniform dispersion of microballoons within the 
matrix was observed, with no signs of fly ash clusters or residual porosity 
(Fig. 3B(b-e)). Moreover, composites of ZC63 Mg-based alloy and fly ash 
showcased a cellular dendritic structure, as illustrated in Fig. 3B(f). 
Within this structure, some fly ash microballoons were observed to be 
filled by the Mg-alloy matrix. An examination of the interface of the 
composite revealed that heterogeneous nucleation of eutectic and other 
intermetallic phases occurred on the fly-ash microballoons (Fig. 3C) 
[72]. Moreover, the key interfacial phase identified between fly ash and 
ZC63-Mg alloy was determined to be MgO. This recognition of MgO 
played a pivotal role in promoting the wetting process and the smooth 
integration of the spheres into the Mg-based matrix [72]. 

In a similar study, an AZ91D Mg-based SF reinforced with hollow 
glass microspheres (HGM), characterized by particle size and density of 
45 μm and 0.37 g/cc, respectively, was successfully developed using SCT 
[73]. Microstructural analysis revealed a homogenous dispersion of 
HGM within the Mg-based matrix, with no evidence of clustering. The 
solid solution of the Mg-based matrix exhibited acicular precipitates of 
Mg17Al12 particulates at the grain boundaries (GBs), as presented in 
Fig. 4 [73]. The SF composition included Mg2Si, Al–Mn, and B2O3 
phases. The existence of borosilicate spherules at the HGM/matrix 
interface indicated the formation of Mg17Al12, Al–Mn, Mg2Si, B2O3, and 
CaO [73]. 

Fig. 3. (A) (a) Schematic diagram of SF microstructure with different phases and two types of cavities (main pores and matrix voids), (b) Scanning electron 
micrograph of AZ91D/FACs composite, where porosity and defects are visible in the FAC shell [47], (B) Microstructure optical images of ZC63 matrix and its 
composites, with panels (a–d) providing an overview and higher magnification views displaying the interface between the ZC63 Mg-based alloy and microballoons 
(e, f), (C) Scanning electron microscope (SEM) micrographs illustrating the microstructure of the ZC63 Mg alloy and its composite [72]. 
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The DMD techniques have found extensive application in the fabri-
cation of Mg-based SFs. Manakari et al. [79] utilized pure Mg and GMBs 
with an average diameter of 11 μm and a density of approximately 1.05 
g/cc to produce Mg-MSFs through this method, achieving Mg-based SFs 
with a density range of 1.47–1.67 g/cc. Microstructural analysis of the 
samples showed a homogenous dispersion of intact GMBs with an outer 
diameter of 8–13 μm and notable variations in morphology (Fig. 5A(a)), 
fractured GMBs (Fig. 5A(b)) resulting from interface reactions between 
the Mg-based matrix and GMBs, as well as processing parameters, and 
the presence of microvoids (Fig. 5A(b)), along with the presence of a 
secondary phase (Mg2Si) exhibiting two different morphologies, namely 
dendritic crystals with a size range of 3–5 μm (Fig. 5A(c)) and polygons 

at the particle/Mg matrix interface [79]. In another investigation, 
Qureshi et al. [121] employed the same manufacturing process to create 
Mg-MSFs using varying percentages (0.5–2.0 vol%) of hollow silica 
nano-spheres (HSNS) as fillers. Nguyen et al. [63] applied a similar 
manufacturing technique to produce Mg-MSFs composed of Mg and 
different weight percentages of FACs (5-15 wt%). The microstructural 
evaluation indicated that many FACs were broken during casting and 
filled with molten Mg. Furthermore, a uniform distribution of FACs was 
observed in all instances, with the quantities of secondary phases (Mg2Si 
and MgO) increasing proportionally with the reinforcement content. 
Moreover, microvoids at the FACs/Mg matrix interface were ascertained 
[63]. 

Fig. 4. (a) Microstructural depiction of AZ91D/HGM SF containing 15% HGM, (b) SEM micrographs illustrating 15% HGM with AZ91D alloy, (c) Microstructural 
representation of AZ91D/HGM SF incorporating 20% HGM, and (d) Microstructure image of AZ91D/HGM SF reinforced with 23% HGM [73]. 

Fig. 5. (A) (a) Microstructure of Mg-15 wt% GMB foam, (b) Uniform wall thickness observed in GMB, and (c) Mg2Si dendrites within the Mg matrix [79]; (B)(a) 
Morphology of FAC, (b) and (c) Microstructures of AZ91D/FAC composites, and (d) XRD pattern of AZ91D/FAC composites [84], (C)(a) Optical microscopy image of 
AZ91-microballoon composites, (b, c, and d) Microstructure of the composites after etching process with various magnifications, and (e) Primary Mg2Si in Mg alloy 
matrix [123]. 
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Huang and Yu [84] manufactured AZ91D/FAC composites using the 
compo-casting method, incorporating in-situ Mg2Si and MgO re-
inforcements by adding 5 wt% FAC (Fig. 5B(a)) to AZ91D Mg-alloy. 
Microstructural analysis showed a uniform dispersion of filler particu-
lates in the matrix, with most of them infiltrated by the matrix alloy 
(Fig. 5B(b)) [84]. Additionally, it was illustrated that the in-situ for-
mation of Mg2Si and MgO compounds predominantly occurred on the 
surfaces of FAC particles, with a minor amount of Mg2Si developed 
within the matrix (Fig. 5B(c)). The main Mg2Si structures displayed 
polygonal morphologies with an average size of 15 μm, showcasing 
distinctive growth edge characteristics. Except for the Mg2Si and MgO 
phases, the existence of the Mg17Al12 and α-Mg phases was confirmed by 
the XRD pattern (Fig. 5B(d)) [84]. In a similar study, Liu et al. [123] 
fabricated in situ Mg2Si reinforced AZ91 Mg-based SF with a density of 
1.23 g/cm3 and a porosity of 45.6–48.9% by pressure-assisted infiltra-
tion of a preform of FACs. It was indicated that although many FACs 
were hollow, some were penetrated by molten AZ91 Mg-based alloy 
(Fig. 5C(a)). Additionally, it was demonstrated that Mg2Si is a reaction 
product between Mg and FAC, and it can grow from the FAC shell into 
the matrix (Fig. 5C(b-d)). Moreover, some Mg2Si regions surrounded by 
α-Mg and a discontinuous net of the Mg17Al12 phase were seen in the 
matrix, as depicted in Fig. 5C(e). The dominant morphology of Mg2Si 
components was polygonal, although some regions exhibited a dendritic 
crystal morphology [123]. 

In 1998, by employing MIT, Hartmaan et al. [85] pioneered the 
fabrication of Mg- and Mg-based alloy matrix SFs. They utilized an up-
ward vacuum-assisted infiltration process, incorporating hollow sin-
tered alumina spheres with varying diameters as fillers, and employed 
four different Mg alloys as metal matrices. They successfully fabricated 
reproducible Mg-based SFs featuring a homogeneous and isotropic 
structure. Additionally, their research identified a threshold pressure 

beyond which cracks emerged, followed by sphere penetration. In a 
separate investigation, utilizing a sub-atmospheric pressure infiltration 
method, Newsome and collaborators [126] fabricated AZ91D Mg-based 
SFs by incorporating Al2O3 hollow particles as fillers with three different 
size ranges: 0.106–0.212 mm, 0.212–0.425 mm, and 0.425–0.500 mm. 
Microstructural analysis of the as-cast specimens revealed a uniform 
dispersion of hollow particles within the metal matrix, entirely encap-
sulated. Furthermore, minimal to negligible porosity was observed in 
the matrix between adjacent hollow particles. The analysis also identi-
fied the presence of several reinforcement particles that had fractured 
and were subsequently infiltrated by the matrix alloy (Fig. 6A) [126]. In 
a comparable study, Rivero et al. [125] employed a sub-atmospheric 
pressure infiltration process to produce AZ91 Mg-alloy without any re-
inforcements and AZ91 Mg-MSFs strengthened by nearly 50 vol% of 
hollow silicon carbide spheres (HSCS) with a nominal diameter of 1 mm 
and a wall thickness of 70 μm, all under identical conditions. The 
microstructural evaluation of the fabricated AZ91 Mg alloy revealed a 
dendritic structure consisting of α-Mg dendrites surrounded by both 
coarse and lamellar intermetallics, predominantly Mg17Al12, along with 
observed interdendritic porosity. In the case of the fabricated 
AZ91/HSCS SFs, the microstructural evaluation indicated the homoge-
nous dispersion of HSCS, fully encapsulated in the matrix between the 
hollow spheres. Additionally, some spheres exhibited cracks, likely 
occurring during or after solidification because of the mismatch in the 
coefficient of thermal expansion (CTE) of the matrix and HSCSs, the 
spheres had minimal infiltration. The microstructure of Mg-AZ91/HSCS 
SF revealed refinement compared to the monolithic matrix cast under 
identical conditions. This refinement was attributed to the restricted 
solidification of the liquid in the spaces between spheres. Additionally, 
intermetallic containing small amounts of Si were observed, possibly 
resulting from the reaction between HSCS and the alloy matrix [125]. In 

Fig. 6. (A) Microstructure images of AZ91D-Al2O3 Mg-MSF containing hollow particulates with different sizes with dimeters in the range of (a) 106–212 μm; (b) 
212–425 μm; and (c) 425–500 μm [126]. In Fig. 6B, back-scattered SEM micrographs illustrate AZ91D/SiC hollow particles SF, featuring (a) HSCS, (b) particle-matrix 
interface, (c–d) the grain structure and the precipitates oriented along the GBs in the α-Mg matrix, (e) a precipitate in the matrix, and (f) the eutectic mixture 
surrounding it (adapted from Ref. [127]). 
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a parallel study, Anantharaman et al. [127] manufactured low-density 
AZ91D Mg-alloy-based SFs, with a density of 0.97 g/cc, by dispersing 
HSCS (average diameter of 2 mm and wall thickness of 130 μm) (Fig. 6B 
(a)) in the AZ91D Mg-alloy matrix employing a sub-atmospheric pres-
sure infiltration technique. Microstructural evaluation of the as-cast SFs 
revealed a continuous interface between HSCS and the matrix alloy with 
no observed porosity (Fig. 6B(b)). The primary composition of AZ91D 
included an α-Mg phase, with intermetallic Mg17Al12 β-phase pre-
cipitates dispersed along the GBs of the α-Mg phase in the as-cast 
microstructure (Fig. 6B(c-d)). Furthermore, a lamellar eutectic mixture 
of α-Mg and β-phase surrounded the β-phase precipitates (Fig. 6B(e,f)) 
[127]. 

Kubelka et al. [129] studied the microstructure properties of pure Mg 
matrix SF, reinforced with Al2O3–SiO2-mullite hollow spheres. These 
foams were manufactured using a pressure-assisted infiltration tech-
nique, followed by cooling under three distinct conditions: quenching 
after complete infiltration (quenching cooling condition (QCC)), cooling 
in the casting machine (machine cooling condition (MCC)), and addi-
tional heat treatment after MCC (heat-treated condition (HTC): 
normalizing at 500 ◦C for 120 min). The study revealed that the foam 
exhibited favorable infiltration behavior, and a reaction zone at the 
particle-matrix interface was evident irrespective of the cooling condi-
tion. The dimensions and composition of the reaction zone exhibited 
variability depending on the applied conditions (Fig. 7A and B) [129], 
with quenched samples revealing the most slender reaction zone. This 
zone consisted of a depleted layer within the hollow sphere and an 
interface layer containing Mg, Al, Si, and O. The depleted zone exhibited 
an increase in Mg content and a decrease in Al, Si, and O concentrations, 
indicating reactions between molten Mg and the depleted alumina and 
silica of the spheres, resulting in the formation of new phases on the 
interface, specifically Mg2Si and MgO. Higher reactivity was observed in 
MCC and HTC conditions (Fig. 7A). The study also revealed that the 
depletion zone thickness increased with higher temperatures and hold-
ing times, leading to a higher fraction of Al, Si, and O in the Mg matrix 
[129]. 

Hollow carbon and activated carbon particles serve as 

reinforcements for fabricating Mg and Mg-MSFs. Activated carbon is 
widely utilized for various medical applications, including the oral 
removal of drug poisoning and gastrointestinal lavage, facilitating the 
elimination of toxins [137,138]. Therefore, Mg-based foams with both 
open and closed pore structures have been manufactured using AC 
particles as porosity agents through MIT [45,128]. In a study, Ferri et al. 
[128] employed a gas pressure infiltration technique to introduce 
molten Mg into preforms of hollow spherical carbon particles. Subse-
quently, the carbon particles were removed via oxidizing heat treat-
ment, resulting in the production of Mg foams characterized by an open 
pore structure. Microstructure analysis of the foams revealed an average 
pore size ranging from 450 to 600 μm. It was also observed that the Mg 
foam underwent oxidation during the heat treatment aimed at elimi-
nating the carbon spheres, leading to the formation of a MgO layer on 
the surface with an average thickness of 3 μm [128]. In a comparable 
investigation, Movahedi et al. [45] employed an established 
counter-gravity infiltration process to fabricate AZ91 SF reinforced with 
granular and porous AC particles featuring a close-pore structure 
(Fig. 7C(a)). The microstructural examination of an as-cast AZ91 strut 
(Fig. 7C(b)) revealed its composition, comprising an α-matrix (95.14 at. 
% Mg, 4.64 at.% Al, 0.21 at.% Zn, and 0.01 at.% Mn), β-Mg17Al12 phase 
(71.53 at.% Mg, 27.08 at.% Al, 1.37 at.% Zn, and 0.02 at.% Mn), and a 
eutectic α + β phase. Some Mg-rich areas also contained Al–Mn phases 
[45]. Additionally, the study demonstrated the intactness of the AC 
particles, with no observable mechanical damage. It was demonstrated 
that no reactions took place between the matrix and filler particles. 
However, despite a protective argon atmosphere, partial matrix oxida-
tion was detected. 

Defouw et al. [139] utilized the pressure infiltration method to 
fabricate SFs, with densities ranging from 0.7 to 1.03 g/cc, with a matrix 
of either pure Mg or AZ91–Mg alloy reinforced with carbon micro-
spheres. Microstructural analysis of the samples revealed varying 
quantities of filled spheres and observed porosity attributed to incom-
plete infiltration. In liquid metallurgy techniques, such as SCTs and 
MITs, the reactivity between the Mg matrix and common hollow re-
inforcements like SiO2, fly ash, and Al2O3 often results in the formation 

Fig. 7. (A) Energy dispersive X-ray (EDX) mappings of the interfaces in the SFs under three material conditions: QCC, MCC, and HTC, illustrating the presence of the 
elements Mg, Al, Si, and O. The interface is highlighted with a red dotted line in the backscattered electrons (BSE) images, (B) (a) BSE image of a specimen in the 
MCC, showcasing the depletion zone, interface layer, and the adjacent gradually changing concentration zone on the interface, as indicated in (b) through a mapping 
overlay of the elements Al (blue), Si (yellow), and O (red) to visualize the layers and zones [129], (C) (a) Macrostructure of the AZ91–AC SF; and (b) Microstructure of 
an as-cast AZ91 strut [45], and (D) SEM images of as-cast: (a) Monolithic Mg, (b) Mg/Mg-20 wt%GMB hybrid, and (c) Mg-20 wt%GMB core material with higher 
magnification [76]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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of new phases in the microstructure. These new phases may have 
detrimental effects, leading to the breakage of reinforcement shells and 
Mg penetration. However, by implementing specific processing condi-
tions, these adverse effects can be mitigated, and the reaction between 
the Mg matrix and reinforcement particles can also promote better 
bonding, improving the mechanical characteristics of the resulting SF 
[126]. Sankaranarayanan et al. [113] employed the P/M technique, 
incorporating hybrid MWS, to fabricate Mg-MSFs. The foams were 
reinforced with FAC particles in varying weight percentages (5–15 wt 
%). Microstructural examination of the samples revealed uniformly 
distributed intact cenosphere particles, with a few instances of breakage, 
showcasing robust interfacial integrity. Additionally, phase analysis of 
the specimens demonstrated finely distributed intermetallic phases, like 
MgO and Mg2Si, formed due to the reaction between the Mg matrix and 
the FACs. 

Matli et al. [76] used P/M and hot extrusion to generate a composite 
of Mg-20 wt% GMB and monolithic Mg (Fig. 7D(a)). Molten Mg from the 
CSC technique was disi9ntegrated by DMD and directed onto the core 
material to make the shell. This produced a hybrid Mg/Mg-20 wt% GMB 
composite. Microstructural investigation showed a cohesive metallur-
gical contact between the monolithic Mg shell and the Mg-20 wt% GMB 
core material (Fig. 7D(b)). The EDX experiment established Mg2Si as the 
secondary phase in Mg-20 wt% GMB core material. Micro-voids and 
fractured GMB particles were also observed (Fig. 7D(c) [76]). In a 
separate study, lightweight AZ61/FAC SFs were successfully synthesized 
using P/M and MWS techniques [132]. Microstructural characteriza-
tions of the SFs indicated that the FACs were intact, largely undamaged, 
and uniformly distributed in the matrix. Additionally, MWS proved 
effective in minimizing the formation of interfacial reaction products in 
AZ61/FAC SFs. Moreover, a significant weight reduction of approxi-
mately 23% was achieved by incorporating FACs into the AZ61 matrix 
[132]. Based on the findings from the reviewed papers, it becomes 
evident that predicting the microstructural properties and interfacial 
reactions between fillers and the matrix in Mg-MSFs, often comprised of 
hollow particles with various trace elements, poses a considerable 
challenge. 

Microstructure evaluation of fabricated Mg-MSFs utilizing methods 
based on stir casting demonstrated these fabrication techniques are 
effective in homogeneous dispersion of fillers in the Mg-based matrix 
with no fillers cluster formation. However, the main drawbacks of these 
techniques are the flotation of low-density filler particles and filler 
particle fracture, which can be seen in several studies due to severe 
chemical reactions between filler particles and molten Mg-based matrix 
[72,79,84,123]. The microstructural properties reviewed in this section 
showed what intermetallic phases are formed according to the reaction 
between the Mg-based matrix and filler particle shell. Furthermore, it 
was indicated that these phases’ content depends on the elemental 
composition of the Mg-based alloy matrix and fillers, the fabrication 
technique, and fabrication parameters. The formation of intermetallic 
phases between the Mg-based matrix and fillers is essential for the 
integrity of the Mg-MSFs and vital bonding between the matrix and 
fillers. Considering the effectiveness of these phases and their amount on 
the mechanical properties and corrosion behavior of samples, further 
investigations are needed to provide a broader perspective on the for-
mation of the possible phases in the target Mg-MSFs and to achieve the 
optimum fabrication parameters to control the formation and amounts 
of these phases, to achieve the expected properties in the target Mg-MSF. 

4.2. Mechanical properties 

As mentioned, MMSFs can be classified as various MFs characterized 
by a close-pore structure. The primary objective in fabricating MMSFs is 
to attain superior mechanical and EA properties while maintaining a 
lower density compared to bulk metals. Various parameters influence 
the density and mechanical properties of MMSFs. These can be 
managed, including the thickness-to-diameter ratio of reinforcement 

shell walls, the combination of matrix alloy and hollow particles, pro-
cessing parameters, thermal treatment, porosity, volume fraction of 
fillers, and the volume fraction of voids that are formed due to micro-
porosities in the fillers shell [47,140–142]. Additionally, it is worth 
noting that achieving a homogeneous distribution of particles is crucial 
in metal matrix composites, particularly in SFs. The heterogeneous 
distribution of reinforcement can negatively impact the physical and 
mechanical properties of the composites [114,143–145]. The ability to 
modify the thermal and mechanical characteristics of SFs by choosing 
the material, hollow particle volume percentage, and hollow particle 
wall thickness promotes fast usage expansion. Achieving a balance be-
tween high compressive properties and low density is a critical objective 
in designing MMSFs. Their general stress-strain response under 
compression has been assessed. The findings indicated a three-part 
stress-strain behavior: 1) quasi-elastic behavior up to yield stress, 2) a 
nearly flat plateau region, and 3) densification of MMSF. This response is 
advantageous for absorbing energy at low stress and is significantly 
influenced by the hollow particles’ properties. When metallic particles 
are employed, there is a minor transition between the elastic and plateau 
phases. Conversely, a rapid progression between these phases is 
observed when the particles’ chemical composition is primarily ceramic. 
While MMSFs generally exhibit lower densities than their matrix metals’ 
bulk form, their densities are notably higher than MFs (with inter-
connected porosities) made from the same metal as their matrix 
[146–149]. Despite this, Mg-matrix SFs stand out due to their remark-
able mechanical properties, including high EA, low density, high specific 
strength, and notable biocompatibility. These make them more 
appealing than other MMSFs, especially for orthopedic applications 
[150–152]. In the case of MMSFs, energy absorption (EA) refers to the 
capability of fabricated MMSFs, including Mg-based SFs, to absorb and 
dissipate energy when subjected to external forces such as compressive 
or tensile forces. The parameters of density and mechanical properties of 
MMSFs described earlier are also effective in EA properties. In addition, 
the rate of applying the external force is also essential in determining EA 
properties [153–155]. The hardness specifications of MMSFs have a 
notable influence on their strength, elastic modulus, wear resistance, 
and manufacturability. The MMSF’s ability to withstand mechanical 
loads is ensured by its suitable hardness qualities tailored to the specific 
application requirements. The ability of MMSF to absorb energy upon 
impact or compression is determined by its hardness. When utilizing 
MgMSFs in biomedical applications, achieving an appropriate level of 
hardness is crucial. This guarantees that the MgMSF can endure me-
chanical pressures while facilitating bone formation and integration 
[156]. In the case of fabricated MgMSFs, microhardness testing is mainly 
conducted on the fabricated samples’ flat and polished surfaces. Since 
the distribution of hollow particles in the Mg-based SFs may not be 
completely homogeneous, the microhardness test is usually conducted 
in different areas of the samples’ surfaces where the samples can be in 
various diameters and shapes (including cylindrical and cuboidal) to 
attain accurate hardness value [65,73,76,79,133]. 

The exceptional compressive properties, coupled with an elastic 
modulus resembling natural bone, position Mg/GMB SFs as a promising 
option for implant materials [79]. In this regard, Anbuchezhiyan et al. 
[73] assessed the compressive and hardness properties of AZ91D 
MgMSF, reinforced with HGM, fabricated by the SC technique. This 
research demonstrated an increase in the hardness of SFs with higher 
mass fractions of HGM in the matrix. Furthermore, hardness testing 
indicated that the presence of reinforcements with higher strength im-
poses limitations on the plastic deformation of the matrix. However, the 
extent of constraint on plastic deformation was found to be contingent 
on the distribution of reinforcement particles in the matrix. In another 
research [79], mechanical evaluation of pure Mg SFs reinforced with 
5%, 15%, and 25% wt% of GMB, fabricated by the DMD technique, 
revealed that as the GMB content increases, not only does the foam 
density decrease, but the CTE of the SFs also decreases. This suggests an 
improvement in dimensional stability for the developed foams. 
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Furthermore, the study illustrated a consistent increase in the hardness 
of monolithic Mg with the incremental addition of GMB particles. 
Regarding compressive properties, the 0.2% compressive yield strength 
(CYS) and compressive fracture strain of monolithic Mg showed an in-
crease with the addition of GMB. Additionally, the EA during 
compression also exhibited an augmentation with the progressive 
addition of GMB [79]. The exceptional compressive properties, coupled 
with an elastic modulus resembling natural bone, position Mg/GMB SFs 
as a promising option for implant materials. In a related study, Matli 
et al. [76] examined the mechanical characteristics of as-cast pure Mg 
and a hybrid composite, Mg/Mg-20 wt%GMB, manufactured by P/M 
(blending, compaction, and hot extrusion) and DMD. Compared to pure 
Mg, the hybrid Mg/Mg-20 wt%GMB composite demonstrated higher 
0.2% CYS (↑71.6%), lessened UCS (↓23.25%), and higher ductility 
(↑186.48%). Fractography analysis showed rough fracture surfaces and 
shear bands in as-cast Mg (Fig. 8A(a)). Mg/Mg-20 wt%GMB sample 
fracture modes include matrix fracture and GMB pullout (Fig. 8A(b)). 
The as-cast Mg/Mg-20 wt%GMB hybrid composite had a rougher sur-
face than pure Mg specimens (Fig. 8A(b)) [76]. Padnuru Sripathy et al. 
[133] made SFs with Mg as the matrix and 5–20 wt% lightweight GMBs 
as reinforcement particles. The P/M method and hybrid MWS were used 

for synthesis. The inclusion of 5, 10, and 20 wt% GMB hollow particles 
produced Mg-MSFs with 8%, 16%, and 26% lower densities than 
monolithic Mg [133]. The generated Mg-MSFs similarly increased in 
hardness with GMB content. GMB hollow particles reduced yield 
strength, whereas Mg-MSFs improved UCS, fracture strain, and EA ca-
pacity. The Mg-5 wt.%GMB composite had the maximum UCS at 321 
MPa, 26% greater than monolithic Mg. The fractography of Mg-20 wt% 
GMB showed interior cracks (Fig. 8B), indicating that the shattered GMB 
particles could not carry the load, causing samples to fail at lower UCS 
values. However, the Mg-20 wt%GMB composite outperformed pure Mg 
by 39% and 65% in fracture strain and EA [133]. In 2018, Anbuchez-
hiyan et al. [134] investigated the mechanical characteristics of AZ91D 
alloy reinforced with hollow glass microspheres (HGM) fabricated by a 
vacuum die-casting process. They examined the impact of various pro-
cess parameters, including particle size (45 μm, 55 μm, and 65 μm), mass 
fraction (10%, 15%, and 20%), and stirring speed (450 rpm, 500 rpm, 
and 600 rpm), on the mechanical characteristics like hardness, 
compressive strength, porosity, and density of the SFs. Their findings 
indicated that the optimal process parameters were a particle size of 45 
μm, a mass fraction of 20%, and a stirring speed of 600 rpm. Further-
more, it was revealed that particle size had a more significant effect on 

Fig. 8. (A) Fractography analysis of as-cast (a) pure Mg, and (b) Mg/Mg-20 wt%GMB hybrid composite [76], (B) fractography of (a) pure Mg, (b) Mg-5 wt.%GMB, 
(c) Mg-10 wt%GMB, and (d) Mg-20 wt%GMB with arrows showing internal cracks [133], (C) Photographs of the compression sample of AZ91D-5 wt.% FAC 
composite before (a) and after test showing shear fracture at 45 ͦ (b), SEM fractographs of the base matrix AZ91D alloy (c), AZ91D-5 wt.% FAC (d), AZ91D-10 wt% 
FAC (e), and AZ91D-15 wt% FAC (f) [65]. 
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determining the mechanical properties of the SF due to its important 
role in determining porosity. Additionally, the study revealed a decrease 
in the density of the SF with an increase in the mass percentage of hollow 
glass microspheres [134]. The physical and mechanical characteristics 
of syntactic foams are largely determined by their porosity. The purpose 
of the voids is to lower the density of syntactic foams. The compressive 
materials fill up the matrix porosity under compression. The porosity of 
the HGM particle is seen upon breakage. Compressing substance can also 
occupy this porosity. Therefore, the overall porosity of the material 
structure determines the length of the plateau stress in the stress-strain 
curve of syntactic foam. Additionally, their findings demonstrated that 
the enhanced porosity of the HGM particles in the matrix alloy greatly 
decreased the density of the syntactic foams. 

As previously mentioned, FACs are among the most frequently used 
hollow reinforcements in the fabrication of Mg-based SFs. In this regard, 
Rohatgi et al. [65] fabricated AZ91D Mg-based SFs (composite) rein-
forced with 5, 10, and 15 wt% of FACs using the die casting technique 
(the same as the CSC technique). The study revealed a decrease in 
sample density as the percentage of FACs increased. The addition of 
FACs led to an increase in the UTS of the samples. The tensile strength of 
the AZ91D-5 wt.% FACs SF showed a peak and then decreased for the 
samples containing 10 and 15 wt% FACs. In addition, Young’s modulus 
of samples decreased with an increasing percentage of FACs in the 
samples. FACs’ fracture and debonding were the main damage features 
on the samples’ fracture surface. When 5 wt% FACs were added to the 
AZ91D alloy, the UCS and CYS of the SFs went down. Increasing the FAC 
content to 10 and 15 wt% did not greatly affect the samples’ compres-
sive and yield strengths. The composite’s failure under compression 
(Fig. 8C) began with crack formation within the AZ91D matrix due to 
typical void nucleation and growth. The cracks avoided FACs, favoring 
propagation through the matrix, leading to the AZ91D-FAC SF fracture 
[65]. 

In the case of utilizing Al2O3 particles as reinforcement, Mg-MSFs 
containing Al2O3 particles were manufactured using a non-isothermal 
infiltration casting process, employing a preheated die filled through 
gas pressure [85]. Analysis of the compressive stress-strain deformation 
of the SFs revealed significant potential for applications requiring ki-
netic energy absorption, physical density, and compressive strength. The 
experimental findings demonstrated that through this technique allows 
MgMSFs to be tailored for diverse load-bearing and EA requirements. 
Specifically, achieving a low relative wall thickness in combination with 
a low matrix strength is essential for EA applications to minimize un-
desirable stress peaks before reaching the plateau stress. The results also 
emphasized that when compressive strength is the primary design 
parameter, alloys with high matrix strength and hollow spheres with 
thicker walls offer the most significant potential [85]. 

In another investigation, the compressive properties of an amor-
phous Mg matrix reinforced with ductile iron spheres were examined 
[124]. An essential aspect observed in the compressive behavior of the 
foams is a distinct reduction in flow stress after reaching the yield point. 
Additionally, it was demonstrated that the iron spheres played a 
significantly more minor role in the overall load-bearing capacity 
compared to the matrix. In summary, introducing a network of ductile 
iron spheres substantially enhanced the compressive failure strain and 
EA of the amorphous Mg60Cu21Ag7Gd12 alloy. In another study, Rivero 
et al. [125] conducted experiments on the quasistatic compressive 
properties of SF consisting of Mg-AZ91 reinforced with about 50 vol% 
hollow SiC spheres. Their foams were produced employing a 
sub-atmospheric pressure infiltration process. The study investigated the 
impact of the AZ91 Mg-based matrix strength on the foam’s behavior 
under high strain rate conditions. Their outcomes demonstrated that the 
foams’ peak strength, plateau strength, and toughness increased pro-
portionally with the yield stress of the matrix material. The evaluation of 
high strain rate properties in the Mg-AZ91/SiC foams indicated no 
observed strain rate sensitivity within the range of 0.001–726/s [125]. 

Research conducted by Akinwekomi et al. [131] used P/M and rapid 

MWS techniques to fabricate AZ61-Mg alloy SFs with a hybrid pore 
structure. The hybrid structure incorporated fly ash hollow micro-
spheres and carbamide granules, aiming to achieve SFs with low density 
and floatability. The SFs were intended for use as micro-boats and 
chemical release agents. Two groups of samples were tested to assess the 
impact of varying the volume fractions of each particle on the me-
chanical and EA properties of the synthesized SFs. One group had 
different amounts of fly ash microspheres with constant amount of 
carbamide granules, while the other had the opposite configuration. The 
results revealed that, for samples with varying fly-ash microsphere 
volume fractions, both compressive strength and energy absorption ca-
pacity (EAC) increased with the increment of fly ash microspheres. The 
peak was observed at 30 vol% fly ash microspheres before experiencing 
a drop in samples containing 40 vol% fly ash microspheres. Further-
more, it was observed that in samples with varying carbamide granule 
volume fractions, both compressive strength and EAC decreased with 
the increasing volume fraction of carbamide granules. The SF with a 
volume ratio of AZ61 to fly ash microspheres of 3:2 and 40 vol% 
carbamide granules exhibited the lowest density and superior float-
ability [131]. In evaluating the compressive properties of AZ91-AC 
particle SFs (with a density of 1.12–1.18 g/cm3), a consistent trend 
was observed in the EA of the synthesized AZ91–AC SFs. The deforma-
tion mechanism in these specimens involved a brittle fracture mode with 
the formation of shear bands during the fracture of all specimens [45]. 

Gibson and Ashby [157] proposed a theoretical model for describing 
the mechanical response of closed-cell foams. They viewed the 
closed-cell metal foam as a regular hexagonal cellular structure and 
developed the general equations for evaluating the plateau stress and 
Young’s modulus during compression loading:  

σpl / σys = 0.3 (Ф. ρf / ρs)3/2 + 0.4 (1-ϒ) (ρf / ρs)                            (1)  

E*/ Es = Ф2 (ρf / ρs)3/2 + (1-ϒ) (ρf / ρs)                                         (2) 

where σpl is the plateau stress of the foam, σys is the yield stress of the cell 
wall material, ϒ is the fraction of solid contained in the cell edges, ρf is 
the density of the cell wall material, ρs is the Young’s modulus of the cell 
wall material. E* is the density of foam, E* is the Young’s modulus of the 
foam and Papadopoulos et al. [158] and Idris et al. [159] calculated the 
theoretical plateau stress and Young’s modulus of closed-cell Al foams 
by using Gibson’s equations and compared with their experimental re-
sults. The experimental results agreed with the results based on Gibson’s 
theories. 

However, closed-cell metal foams have a different compressive 
behaviour under dynamic compression. Dannemann and Lankford [160] 
studied the compressive behaviour of metallic foam under high strain 
rates. They found that the compressive behavior of closed-cell metal 
foams is also sensitive to the strain rate. Strain rate strengthening occurs 
in closed-cell Al foam, especially in the higher density Al foam. This 
strain rate effect may be related to fluid (air) flow through ruptured cell 
walls, and it appears to be controlled by cell shape, cell size and distri-
bution, cell wall aspect ratio, and uniformity of wall section profile. This 
behavior is also observed in other studies [161,162]. Yu et al. [163] 
studied the tensile properties of closed-cell metallic alloy foam with 
different relative densities. The deformation behavior of the foam sub-
jected to uniaxial tension differed from compression, where the plateau 
stress regime was not found in tension. The tensile strength and elastic 
modulus increased with increasing the relative density of the foam 
[164], approximately agreeing with the Gibson-Ashby model. The 
summarized results and remarks regarding the mechanical properties of 
SFs with varying Mg-based matrices are presented in Table 4. 

4.3. Corrosion behavior 

While Mg-based alloys possess unique and advantageous features 
like high strength-to-weight ratios and elastic modulus comparable to 
cancellous bone, making them potential candidates for various 
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Table 4 
A summary of the mechanical properties of diverse SFs with varying Mg-based matrices and fillers, fabricated through different methods.  

Fabrication 
Method 

Matrix/reinforcements Porosity/density Compressive/tensile 
properties [MPa] 

Energy 
Absorption/toughness 
(J/cm3) 

Microhardness 
(Hv) 

Enhancement mechanism/remarks Refs. 

Stir casting ZC63 Porosity = 0.1% 
Theoretical density 
= 1.87 (g/cm3) 
Experimental 
density = 1.85 (g/ 
cm3) 

CYS = 206 
UCS = 293 

– –  - The compressive characteristics of the composite foam alloys 
are diminished compared to the matrix alloy. This discrepancy 
can be attributed to the lower strength (Young’s modulus) of 
the fly ash microballoons in contrast to the strength of the 
matrix alloy (Young’s modulus) observed in this specific 
investigation.  

- The composite specimens with 10% and 20% vol% of 
microballoons display characteristic behavior akin to an 
elastoplastic foam. They demonstrate an initial linear elastic 
range, succeeded by an extensive deformation range at a 
relatively constant stress level, a phenomenon not observed in 
the solid ZX63 matrix alloy and composites with 25% vol% of 
microballoons. 

[72] 

ZC63 MMSF with 10 vol% fly ash 
microballons 

Theoretical density 
= 1.73 (g/cm3) 
Experimental 
density = 1.8 (g/ 
cm3) 

CYS = 156 
UCS = 239 

Specific energy 
absorption (SEA) =
19.17 MJ/m3 (at 10% 
strain) 

– 

ZC63 MMSF with 20 vol% fly ash 
microballons 

Theoretical density 
= 1.6 (g/cm3) 
Experimental 
density = 1.68 (g/ 
cm3) 

CYS = 157 
UCS = 348 

SEA = 18.65 MJ/m3 

(at 10% strain) 
– 

ZC63 MMSF with 25 vol% fly ash 
microballons 

Theoretical density 
= 1.54 (g/cm3) 
Experimental 
density = 1.57 (g/ 
cm3) 

CYS = 208 
UCS = 270 

– – 

Sub-atmospheric 
pressure 
infiltration 

AZ91D-matrix SF reinforced with SiC 
hollow particles 

Density = 1.21 (g/ 
cc) 

Compressive peak 
stress (CPS) = 118.2 

– –  - Substantial variations were observed in the peak strength 
recorded under high strain rates. However, despite these 
notable fluctuations, the peak strength remains relatively 
consistent when assessed over the range of strain rates from 
0.001 to 726/s.  

- The sensitivity to strain rate in the context of the Mg-AZ91–SiC 
SF  

- The response of foams is primarily governed by the properties 
of the matrix and is not notably changed by the presence of SiC 
hollow spheres within the range of strain rates examined in this 
study. 

[125] 

Sub-atmospheric 
pressure 
infiltration 

AZ91D-matrix SF reinforced with SiC 
hollow particles (average SiC particles 
diameter and wall thickness are 2 mm 
and 130 μm respectively) 

Density = 0.972 ±
0.047 (g/cm3) 

Compressive strength 
(CS) = 22 ± 4 

Energy density up to 
peak stress = 0.7 ± 0.1 
(MJ/m3) 

–  - The reduction in density to values below 1 g/cm3 presents new 
opportunities for the application of MMSFs in buoyancy- 
related fields, a sector traditionally dominated by polymer 
matrix SFs until the findings of this research.  

- The peak strength and the elastic EA increase with strain rate.  
- While the AZ91D alloy exhibited plastic deformation during 

the compressive test before failure, the composite’s failure 
mode is characterized by brittleness.  

- At elevated strain rates, the SF underwent failure marked by 
the particle crushing, plastic deformation of the matrix, and 
the crack propagation along the precipitates within the GBs. 

[127] 

Sub-atmospheric 
pressure 
infiltration 

AZ91D MMSF with Al2O3 hollow particle 
size range 0.106–0.212 mm 

Density = 2.27 (g/ 
cm3) 

CPS = 342 Toughness = 99 –  - The smallest size reinforcements (0.106–0.212 mm) displayed 
notably higher strength than those with larger sizes.  

- The MMSF incorporating the smallest Al2O3 hollow spheres 
(0.106–0.212 mm) demonstrated the most favorable 
combination of specific peak strength and SEA.  

- Increasing the hollow sphere wall thickness to diameter (t/d) 
ratio resulted elevated the foam’ peak strength, plateau 
strength, and toughness.  

- Foams fabricated with smaller spheres, specifically higher EA 
per unit weight, exhibited enhanced performance. 

[126] 

AZ91D MMSF with Al2O3 hollow particle 
(size range 0.106–0.212 mm) 

Density = 2.20 (g/ 
cm3) 

CPS = 325 Toughness = 120 – 

AZ91D MMSF with Al2O3 hollow particle 
size range 0.106–0.212 mm 

Density = 2.15 (g/ 
cm3) 

CPS = 280 Toughness = 106 – 

AZ91D MMSF with Al2O3 hollow particle 
size range 0.106–0.212 mm 

Density = 2.31 (g/ 
cm3) 

CPS = 376 Toughness = 124 – 

AZ91D MMSF with Al2O3 hollow particle 
size range 0.106–0.212 mm 

Density = 2.21 (g/ 
cm3) 

CPS = 332 Toughness = 111 – 
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Table 4 (continued ) 

Fabrication 
Method 

Matrix/reinforcements Porosity/density Compressive/tensile 
properties [MPa] 

Energy 
Absorption/toughness 
(J/cm3) 

Microhardness 
(Hv) 

Enhancement mechanism/remarks Refs. 

AZ91D MMSF with Al2O3 hollow particle 
size range 0.212–0.425 mm 

Density = 1.59 (g/ 
cm3) 

CPS = 261 Toughness = 85 – 

AZ91D MMSF with Al2O3 hollow particle 
size range 0.212–0.425 mm 

Density = 1.90 (g/ 
cm3) 

CPS = 208 Toughness = 68 – 

AZ91D MMSF with Al2O3 hollow particle 
size range 0.212–0.425 mm 

Density = 1.98 (g/ 
cm3) 

CPS = 199 Toughness = 118 – 

AZ91D MMSF with Al2O3 hollow particle 
size range 0.212–0.425 mm 

Density = 1.91 (g/ 
cm3) 

CPS = 256 Toughness = 72 – 

AZ91D MMSF with Al2O3 hollow particle 
size range 0.212–0.425 mm 

Density = 2.10 (g/ 
cm3) 

CPS = 196 Toughness = 64 – 

AZ91D MMSF with Al2O3 hollow particle 
size range 0.425–0.500 mm 

Density = 1.85 (g/ 
cm3) 

CPS = 241 Toughness = 93 – 

AZ91D MMSF with Al2O3 hollow particle 
size range 0.425–0.500 mm 

Density = 1.82 (g/ 
cm3) 

CPS = 221 Toughness = 89 – 

AZ91D MMSF with Al2O3 hollow particle 
size range 0.425–0.500 mm 

Density = 1.83 (g/ 
cm3) 

CPS = 230 Toughness = 82 – 

AZ91D MMSF with Al2O3 hollow particle 
size range 0.425–0.500 mm 

Density = 1.75 (g/ 
cm3) 

CPS = 168 Toughness = 52 – 

AZ91D MMSF with Al2O3 hollow particle 
size range 0.425–0.500 mm 

Density = 1.83 (g/ 
cm3) 

CPS = 206 Toughness = 64 – 

SC AZ91D alloy Experimental 
density = 1.87 g/cc 
Theoretical density 
= 1.81 g/cc 

CYS = 143 
Compressive ultimate 
strength (CUS) = 211 

– –  - Adding HGM to the matrix significantly reduced the density of 
SFs due to the increased mass fraction of reinforcement.  

- The density of SFs was marginally higher than the theoretical 
value because of the presence of Mg2Si in the inter matrix 
alloy.  

- The hardness of SF increased as the mass fractions of HGM in 
the matrix alloy increased.  

- Increasing the mass percentage of HGM in the matrix alloy 
resulted in a higher plateau stress.  

- The composite foam with a higher mass fraction of 23% 
exhibited increased EA, attributed to a more excellent 
conversion of absorbed energy into plastic deformation during 
compression. 

[73] 

AZ91D MMSF with 15% HGM particle 
size = 45 μm 

3.1 
Experimental 
density = 1.6 g/cc 
Theoretical density 
= 1.56 g/cc 

CYS = 143 
CUS = 211 

– – 

AZ91D MMSF with 20% HGM particle 
size = 45 μm 

13.1 
Experimental 
density = 1.5 g/cc 
Theoretical density 
= 1.48 g/cc 

CYS = 161 
CUS = 232 

– – 

AZ91D MMSF with 23% HGM particle 
size = 45 μm 

34.4 
Experimental 
density = 1.4 g/cc 
Theoretical density 
= 1.35 g/cc 

CYS = 168 
CUS = 243 

EA = 32.14 MJ/m3 – 

P/M + rapid 
MWS 

AZ61 MMSF (with volume fractions of 
AZ61 to carbamide granules = 3:2, and 
20 vol% fly ash microspheres) 

Theoretical density 
= 1.00 (g/cm3) 
Sintered density =
0.90 (g/cm3) 

CS = 25 ± 3 EA = 6 ± 2 –  - The SF specimens with 40% carbamide granules revealed 
significant floatability on water. 

[131] 

AZ61 MMSF (with volume fractions of 
AZ61 to carbamide granules = 3:2, and 
30 vol% fly ash microspheres) 

Theoretical density 
= 0.97 (g/cm3) 
Sintered density =
0.98 (g/cm3) 

CS = 30.1 ± 0.3 EA = 8.4 ± 0.6 – 

AZ61 MMSF (with volume fractions of 
AZ61 to carbamide granules = 3:2, and 
40 vol% fly ash microspheres) 

Theoretical density 
= 0.93 (g/cm3) 
Sintered density =
1.10 (g/cm3) 

CS = 16.1 ± 0.4 EA = 4 ± 1 – 

AZ61 MMSF (with volume fractions of 
AZ61 to fly ash microspheres = 3:2, and 
20 vol% carbamide granules) 

Theoretical density 
= 1.01 (g/cm3) 

CS = 29 ± 4 EA = 7.8 ± 0.6 – 

(continued on next page) 
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Table 4 (continued ) 

Fabrication 
Method 

Matrix/reinforcements Porosity/density Compressive/tensile 
properties [MPa] 

Energy 
Absorption/toughness 
(J/cm3) 

Microhardness 
(Hv) 

Enhancement mechanism/remarks Refs. 

Sintered density =
1.02 (g/cm3) 

AZ61 MMSF (with volume fractions of 
AZ61 to fly ash microspheres = 3:2, and 
30 vol% carbamide granules) 

Theoretical density 
= 0.85 (g/cm3) 
Sintered density =
0.90 (g/cm3) 

CS = 23 ± 3 EA = 7 ± 1 – 

AZ61 MMSF (with volume fractions of 
AZ61 to fly ash microspheres = 3:2, and 
40 vol% carbamide granules) 

Theoretical density 
= 0.82 (g/cm3) 
Sintered density =
0.79 (g/cm3) 

CS = 16 ± 2 EA = 4.0 ± 0.4 – 

Sub-atmospheric 
pressure 
infiltration 

36.01 %Vol. AZ91 MMSF with 58.75 % 
Vol. AC (particle size = ∼2.8 mm) 
Voids volume fraction = 5.24% 

Density = 1.12 (g/ 
cm3) 

CPS = 32.45 EA = 9.53 (MJ/m3) –  - The specimen’s void fraction exhibited a decrease in 
correlation with density.  

- The volumetric EA generally increased with density.  
- The deformation behavior of the produced AZ91–AC SFs 

revealed brittle deformation behavior along with some signs of 
barreling under quasi-static compression.  

- The compressive evaluation of the samples indicated a 
consistent trend for the EA of the fabricated AZ91-AC SFs. 

[45] 

36.51 %Vol. AZ91 MMSF with 58.75 % 
Vol. AC (particle size = ∼2.8 mm) 
Voids volume fraction = 4.75% 

Density = 1.13 (g/ 
cm3) 

CPS = 40.90 EA = 7.61 (MJ/m3) – 

36.92 %Vol. AZ91 MMSF with 58.75 % 
Vol. AC (particle size = ∼2.8 mm) 
Voids volume fraction = 4.33% 

Density = 1.14 (g/ 
cm3) 

CPS = 39.30 EA = 7.85 (MJ/m3) – 

37.32 %Vol. AZ91 MMSF with 58.75 % 
Vol. AC (particle size = ∼2.8 mm) 
Voids volume fraction = 3.93% 

Density = 1.15 (g/ 
cm3) 

CPS = 48 EA = 8.30 (MJ/m3) – 

39.38 %Vol. AZ91 MMSF with 58.75 % 
Vol. AC (particle size = ∼2.8 mm) 
Voids volume fraction = 1.87% 

Density = 1.18 (g/ 
cm3) 

CPS = 51.43 EA = 13.49 (MJ/m3) – 

DMD Pure Mg foam 2.1 vol% 
Density = 1.701 ±
0.002 (g/cc) 

0.2% CYS = 66 ± 4 
UCS = 194 ± 8 

EA = 21 ± 1(MJ/m3) 47 ± 2  - Foam density decreases with increasing GMB content.  
- The obtained experimental density values were lower than the 

corresponding theoretical values.  
- The CTE of SFs decreases with the increasing GMB loading.  
- The progressive addition of GMB particles resulted in a steady 

increase in the hardness of monolithic Mg.  
- Mg-25 wt%GMB foam exhibited the highest amounts of 0.2% 

CYS and compressive fracture strain, which were ∼161 MPa 
and ∼37.7%, respectively.  

- The maximum UCS was observed in Mg-5wt.%GMB SF.  
- Mg-25 wt% foam showing a significant improvement in EA 

(∼200%) as compared to pure Mg. 

[79] 

Mg-MSF with 5 vol % GMB 0.72 vol% 
Density = 1.674 ±
0.015 (g/cc) 

0.2% CYS = 77 ± 3 
UCS = 232 ± 7 

EA = 28 ± 1 (MJ/m3) 82 ± 4 

Mg-MSF with 15 vol % GMB 1.78 vol% 
Density = 1.559 ±
0.010 (g/cc) 

0.2% CYS = 102 ± 5 
UCS = 231 ± 6 

EA = 33 ± 2 (MJ/m3) 91 ± 5 

Mg-MSF with 25 vol % GMB 1.98 vol% 
Density = 1.472 ±
0.018 (g/cc) 

0.2% CYS = 161 ± 4 
UCS = 216 ± 6 

EA = 63 ± 3 (MJ/m3) 107 ± 6 

DMD followed by 
hot extrusion 

Pure Mg foam Theoretical density 
= 1.738 (g/cc) 
Experimental 
density = 1.7361 ±
0.0004 (g/cc) 

0.2 Tensile yield 
strength (TYS) = 115 
± 5 
Ultimate tensile 
strength (UTS) = 170 
± 8 
Tensile elongation 
(TE) = 7 ± 1 (%) 
0.2% CYS = 70 ± 4 
UCS = 180 ± 9 
Total compressive 
strain (TCS) = 16 ± 1 
(%) 

EA = 19 ± 1 (MJ/m3) 47 ± 2  - Incorporating fly ash particulates led to a remarkable decrease 
in density (23%).  

- The theoretical densities were higher than the experimental 
densities because of the fly ash particulates fragmentation and 
their infiltration by the molten Mg.  

- The microhardness, EA, and compressive properties of the 
specimens directly correlate with the amount of fly ash 
particles.  

- SFs composed of Mg-5 wt.% fly ash exhibited the maximum 
values for 0.2%TYS and UTS. However, an escalation in the fly 
ash concentration beyond 5 wt-% instigated a progressive 
decline in the mechanical strengths (0.2%TYS and UTS) of the 
composite foams. Despite this reduction, these strengths 
remained superior to those observed in pure Mg. 

[63] 

Mg-MSF including 5 wt% FACs Theoretical density 
= 1.5204 (g/cc) 
Experimental 

0.2 TYS = 180 ± 7 
UTS = 230 ± 10 
TE = 5 ± 1 (%) 
0.2% CYS = 100 ± 8 

EA = 65 ± 4 (MJ/m3) 98 ± 2 
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Table 4 (continued ) 

Fabrication 
Method 

Matrix/reinforcements Porosity/density Compressive/tensile 
properties [MPa] 

Energy 
Absorption/toughness 
(J/cm3) 

Microhardness 
(Hv) 

Enhancement mechanism/remarks Refs. 

density = 1.6406 ±
0.0048 (g/cc) 

UCS = 330 ± 7 
TCS = 22 ± 2(%) 

Mg-MSF including 10 wt% FACs Theoretical density 
= 1.3512 (g/cc) 
Experimental 
density = 1.4905 ±
0.0085 (g/cc) 

0.2 TYS = 150 ± 8 
UTS = 215 ± 9 
TE = 3 ± 1 (%) 
0.2% CYS = 130 ±
12 
UCS = 350 ± 6 
TCS = 23 ± 2(%) 

EA = 70 ± 6 (MJ/m3) 110 ± 6 

Mg-MSF including 15 wt% FACs Theoretical density 
= 1.2160 (g/cc) 
Experimental 
density = 1.4203 ±
0.0136 (g/cc) 

0.2 TYS = 130 ± 7 
UTS = 180 ± 8 
TE = 2 ± 1 (%) 
0.2% CYS = 150 ± 4 
UCS = 370 ± 6 
TCS = 23 ± 2 (%) 

EA = 73 ± 3 (MJ/m3) 112 ± 7 

P/M + DMD As-cast pure Mg 1.50 % 
Density = 1.712 ±
0.009 (g/cc) 

CYS = 88 ± 3 
UCS = 215 ± 5 

EA = 36 ± 2 (MJ/m3) Shell region = 44 
± 5 

The hybrid Mg/Mg-20 wt% GMB composite showed much higher 
CYS (↑71.6%), lower UCS (↓23.25%), improved ductility 
(↑186.48%), and lower density than as-cast pure Mg. 

[76] 

As-cast Mg/Mg-20 wt% GMB hybrid 
composite 

1.73 % 
Density = 1.651 ±
0.013 (g/cc) 

CYS = 151 ± 4 
UCS = 165 ± 3 

EA = 51 ± 2 (MJ/m3) Shell region = 53 
± 3 
Core region = 80 
± 4 
Interface region 
= 74 ± 6 

Vacuum die 
casting 

AZ91D matrix reinforced with 10% mass 
fraction of HGM (particle size = 45 μm, 
stirring speed = 450 rpm) 

3.78 vol% 
Density = 1.62 (g/ 
cc) 

CS = 241 – 80.9  - The density of syntactic foam decreases with increases in the 
mass percentage of hollow glass microspheres.  

- The particle size can provide a higher significant nature among 
input parameters for the fabrication of magnesium metal 
matrix composite owing to its ability to determine 
performance measures  

- The stirring speed ensures the homogeneous distribution of 
reinforcement in the matrix alloy  

- The particle size and mass fraction of reinforcement particles in 
the matrix of syntactic foams determine the performance 
measures such as density, compressive strength, porosity, and 
hardness. 

[134] 

AZ91D matrix reinforced with 15% mass 
fraction of HGM (particle size = 45 μm, 
stirring speed = 500 rpm) 

19 vol% 
Density = 1.51 (g/ 
cc) 

CS = 266 – 119.0 

AZ91D matrix reinforced with 20% mass 
fraction of HGM (particle size = 45 μm, 
stirring speed = 600 rpm) 

28 vol% 
Density = 1.42 (g/ 
cc) 

CS = 280 – 148.3 

AZ91D matrix reinforced with 10% mass 
fraction of HGM (particle size = 55 μm, 
stirring speed = 500 rpm) 

4.12 vol% 
Density = 1.58 (g/ 
cc) 

CS = 239 – 75.8 

AZ91D matrix reinforced with 15% mass 
fraction of HGM (particle size = 55 μm, 
stirring speed = 600 rpm) 

18 vol% 
Density = 1.48 (g/ 
cc) 

CS = 259 – 106 

AZ91D matrix reinforced with 20% mass 
fraction of HGM (particle size = 55 μm, 
stirring speed = 450 rpm) 

24 vol% 
Density = 1.38 (g/ 
cc) 

CS = 243 – 116.9 

AZ91D matrix reinforced with 10% mass 
fraction of HGM (particle size = 65 μm, 
stirring speed = 600 rpm) 

5.49 vol% 
Density = 1.56 (g/ 
cc) 

CS = 160 – 74.6 

AZ91D matrix reinforced with 15% mass 
fraction of HGM (particle size = 65 μm, 
stirring speed = 450 rpm) 

17.2 vol% 
Density = 1.52 (g/ 
cc) 

CS = 211 – 101.3 

AZ91D matrix reinforced with 20% mass 
fraction of HGM (particle size = 65 μm, 
stirring speed = 500 rpm) 

22.02 vol% 
Density = 1.39 (g/ 
cc) 

CS = 232 – 114.1 

DMD Pure Mg – 0.2 TYS = 103 ± 5 
UTS = 148 ± 6 
Tensile fracture 

– 59 ± 1  - The stepwise addition of hollow silica nanospheres steadily 
increased the hardness value of pure Mg. 

[120] 
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Fabrication 
Method 

Matrix/reinforcements Porosity/density Compressive/tensile 
properties [MPa] 

Energy 
Absorption/toughness 
(J/cm3) 

Microhardness 
(Hv) 

Enhancement mechanism/remarks Refs. 

strain (TFS) = 7.9 ±
0.5 (%)  

- The gradual incorporation of hollow silica nanospheres into 
Mg improved both 0.2% TYS and UTS, while the tensile failure 
strain demonstrated a declining trend. Mg-0.5 vol% SiO2 – 0.2 TYS = 133 ± 3 

UTS = 181 ± 1 
TFS = 6.7 ± 0.2 (%) 

– 73 ± 2 

Mg-1.0 vol% SiO2 – 0.2 TYS = 145 ± 2 
UTS = 198 ± 7 
TFS = 5.7 ± 0.2 (%) 

– 

83 ± 2 
Mg-1.5 vol% SiO2 – 0.2 TYS = 152 ± 1 

UTS = 203 ± 3 
TFS = 5.2 ± 0.2 (%) 

– 

89 ± 1 
Mg-2vol% SiO2 – 0.2 TYS = 167 ± 4 

UTS = 217 ± 7 
TFS = 4.7 ± 0.3 (%) 

– 92 ± 1 

P/M + MWS Pure Mg Theoretical Density 
= 1.74 (g/cc) 
Experimental 
density = 1.73 (g/cc) 

0.2% CYS = 98 ± 2 
UCS = 254 ± 6 
Compressive fracture 
strain (CFS) = 15.8 
± 0.5 (%) 

EA = 25 ± 1 (MJ/m3) 65 1  - Incorporating GMB hollow particles into the Mg matrix 
resulted in an elevation of its hardness.  

- The 0.2% CYS and elastic modulus of the synthesized Mg-MSFs 
decreased with the incorporation of GMB in the Mg matrix. 
Simultaneously, the UCS of Mg increased with the addition of 
GMB particles. However, the highest UCS was observed in Mg- 
5wt.% GMB and further additions of GMB reduced UCS, 
although it remained higher than that of pure Mg.  

- The fracture strain of the synthesized Mg-MSFs demonstrated 
an increase with the inclusion of GMB in the Mg matrix. 

[133] 

Mg-5 wt.% GMB Theoretical Density 
= 1.59 (g/cc) 
Experimental 
density = 1.59 (g/cc) 

0.2% CYS = 91 ± 2 
UCS = 321 ± 7 
CFS = 19.5 ± 0.6 (%) 

EA = 39 ± 1 (MJ/m3) 76 ± 1 

Mg-10 wt% GMB Theoretical Density 
= 1.46 (g/cc) 
Experimental 
density = 1.46 (g/cc) 

0.2% CYS = 88 ± 1 
UCS = 287 ± 6 
CFS = 19.6 ± 0.7 (%) 

EA = 36 ± 2 (MJ/m3) 86 ± 1 

Mg-20 wt% GMB Theoretical Density 
= 1.26 (g/cc) 
Experimental 
density = 1.28 (g/cc) 

0.2% CYS = 85 ± 1 
UCS = 280 ± 4 
CFS = 22 ± 2 (%) 

EA = 41 ± 3 (MJ/m3) 114 ± 1 

Low-pressure 
infiltration 
technique 

Mg-G1.45 hollow ceramic spheres (made 
of 35 wt% Al2O3, 45 wt% SiO2 and 20 wt 
% mullite) 

Density = 1.48–1.51 
(g/cm3) 

Average compressive 
strength (ACS) = 84 
± 2 

– 65 ± 8  - The model of Mg matrix syntactic foams showed that fracture 
in the early stage of compression did not change the strength of 
the material; however, it significantly lowered the stiffness in 
the case of Al2O3 hollow sphere 

[130] 

Mg-G3.83 hollow ceramic spheres (maid 
of Al2O3) 

Density = 1.15–1.17 
(g/cm3) 

ACS = 59.6 ± 0.7 – 50 ± 5  
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applications, including industrial and biomedical uses, their limited 
corrosion resistance has hindered widespread adoption. The corrosion of 
Mg alloys occurs when exposed to aggressive solutions or harsh envi-
ronments because of their low corrosion potential. Similar to other 
metals, corrosion in Mg-based alloys can be categorized into uniform (or 
general) and localized (such as pitting) forms of corrosion based on 
electrochemical, compositional, and microstructural perspectives on a 
macroscale [165–167]. Metallurgical factors, such as chemical compo-
sition, grain size and shapes, size, shape, and distribution of secondary 
phases or intermetallic compound particles, inclusions, 
solute-aggregated GBs, crystallographic orientations, and dislocation 
density, play a fundamental role in determining the form of corrosion 
[168–170]. It is important to note that pitting corrosion is considered 
the predominant type of corrosion for Mg-based alloys among various 
corrosion modes. Furthermore, post-processing treatments, such as 
extrusion and rolling, along with post-processing heat treatments (e.g., 
T4, T5, and T6), significantly influence the corrosion mechanism. These 
treatments can bring about noticeable alterations in microstructure and 
stress. An essential determinant of the corrosion behavior in Mg-based 
material systems within an aqueous environment is the chemical 
composition of the environment, its concentration (especially chloride 
ion content), and the pH level. Research has indicated that localized 
corrosion is more likely to occur under low pH values, corresponding to 
acidic and neutral solutions [171–174]. Fig. 9a illustrates an optical 
image of the Mg scaffolds along with the corrosion mechanisms of the 
scaffolds containing micro scale porosity. The Mg-based alloy dissolves 
as the anode at the beginning of in vitro immersion. At the same time, 
hydrogen is generated via a cathodic reaction, which leads to local 
alkaline conditions. The formation of a magnesium-hydroxide Mg(OH)2 
film on the Mg surface works as a barrier film to prevent more corrosion 
attacks. Nevertheless, Mg(OH)2 forms a loose layer and can be converted 
into soluble MgCl2. Over time, this protective hydroxide layer ruptures 
[165]. At the same time, CO3

2− and PO4
3− are formed on the surface of 

Mg-based alloy scaffolds. Afterward, a Ca–P based coating is established 
because the passive film creates sites for its nucleation and growth, using 
Ca2+ and PO4

3− ions from the surrounding solution. The formation of less 
soluble degradation products causes a decline in the degradation rate of 
the scaffolds. Further continuation of soaking leads to an equilibrium 
between the generation and dissolution of corrosion products. 

Equation (1) [175] simplifies the corrosion process for Mg-based 
alloys in a corrosive environment. As per this equation, the primary 
corrosion products of Mg-based alloys include Magnesium-hydroxide 
and hydrogen gas. However, it’s crucial to recognize that the corro-
sion of Mg alloys is a complex phenomenon affected by various factors, 
as mentioned earlier, including the alloy composition, microstructure, 
and environmental conditions [175]. Notably, in the Mg-based com-
posite, the second phase or fillers function as cathodic sites when the 

composite is subjected to a corrosive solution. In contrast, the Mg-based 
matrix exhibits anodic action, as shown in Fig. 9b [176]. As a result, the 
matrix experiences preferential corrosion, creating isolated pits that 
eventually get deeper. The anodic reaction forms the pit and releases 
Mg2+ ions that spread outward from the metal surface. To preserve 
electro-neutrality, chloride ions move inward within the pit. The pit 
widens and gets bigger as corrosion progresses, undermining the Mg 
matrix’s partially protective layer. Concurrently, a film of MgO/Mg 
(OH)2 forms a barrier, which is thought to regulate the corrosion 
effectiveness. However, this film is partially protective and may become 
damaged, particularly when Cl ions are involved [176]. 

Equation (1).  

i) Anodic reaction (oxidation): Mg (s) → Mg2+(aq) + 2e-  

ii) Cathodic reaction (reduction): 2H2O + 2e− → H2 (g) + 2OH− (aq)  
iii) The overall corrosion reaction: Mg (s) + 2H2O (l) → Mg2+(aq) +

2OH− (aq) + H2 (g)  
iv) Formation of magnesium hydroxide (Mg(OH)2): Mg2+(aq) +

2OH− (aq) → Mg(OH)2 (s) [175]. 

The low corrosion resistance of Mg-based alloys results in the rapid 
degradation of mechanical properties over a short period, which can be 
especially problematic when mechanical performance is critical, such as 
using Mg-based biomaterials for bone implant applications in load- 
bearing sites. Various techniques, including alloying [177,178] surface 
treatment and applying different coatings [179–181], have been 
employed to improve the corrosion resistance of Mg-based alloys. 
Regarding the corrosion behavior of MgMSFs, two perspectives can be 
considered [182–186]. One considers the matrix voids formed due to 
porosities in the reinforcement shell and are mainly located in the 
interaction areas between the matrix and reinforcement. The other one 
considers the potential difference between the metal matrix and re-
inforcements, arising from differences in matrix and reinforcement 
materials. The corrosion rate of MgMSFs might be higher than mono-
lithic Mg with a similar structure. On the contrary, the incorporation of 
reinforcement particles reduces the surface area of the Mg-matrix 
exposed to the corrosive environment, reducing the corrosion rate 
[187–192]. Qureshi et al. [121] investigated the corrosion behavior of 
MgMSFs reinforced with different amounts of HSNS (0.5–2.0 vol%) 
fabricated through the DMD technique in two simulated body fluids 
(SBF) electrolytes: phosphate-buffered saline (PBS) and Hank’s balanced 
salt solution (HBSS). They compared the corrosion properties of these 
samples with pure Mg samples fabricated using the same DMD tech-
nique. Results revealed that the addition of HSNS reinforcement to the 
Mg-matrix resulted in an improvement in the corrosion resistance. 
Moreover, Mg-1.5 vol% HSNS exhibited the best overall composition, 
providing consistent results superior to pure Mg in both electrolytes. It is 

Fig. 9. (a) Optical image of the Mg scaffolds along with schematic illustration of the deposition and the degradation mechanism of the Mg scaffolds [165], and (b) 
Illustration showing the corrosion mechanism of Mg-based composite [176]. 
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worth noting that each solution affected the samples differently, pri-
marily attributed to the varying composition of the SBFs. In a similar 
study, Manakari et al. [120] assessed the in vitro corrosion behavior of 
pure Mg, Mg-0.5 vol% GMB and Mg-1.0 vol% GMB SFs, targeting po-
tential use as temporary bone implant materials across four different 
SBFs: artificial blood plasma solution (ABPS, pH = 7.4), PBS (pH = 7.4), 
Hank’s Balanced Salt Solution (HBSS, pH = 7.4), and artificial saliva 
solution (ASS, pH = 6.2). Results indicated that the corrosion resistance 
of Mg-HSNS SFs increased with decreasing chloride, sulfate, and dihy-
drogen phosphate concentrations, along with an increase in carbonate 
concentration. Additionally, as shown in Fig. 10A, Mg-1.0 vol% HSNS SF 
exhibited the best overall corrosion response (except for ABPS), with its 
corrosion susceptibility ranked in the following order concerning 
corrosion rate and polarization curves in different SBF solutions: ABPS 
> PBS > HBSS > ASS. In the ABPS medium, while a protective layer with 
few pits was observed on the surface of pure Mg, the presence of HSNS 
reduced the occurrence of pitting in the SFs and aided in the formation 
of an apatite layer (Fig. 10B) [120]. Notably, in comparison to the pure 
Mg sample, the passive layer formed on the surface of Mg-1.0 vol% 
HSNS in ABPS and ASS media exhibited higher density and greater 
uniformity (Fig. 10B(b,c),C). Additionally, the density of this passive 
layer was even more pronounced when using the HBSS medium 
compared to the ASS medium for Mg-1.0 vol% HSNS [120]. 

Manakari et al. [80] assessed the potential benefits of incorporating 
HGMB particles to address delamination wear, a typical limitation 
affecting the competitive advantages of Mg in safety-critical components 
for bio-implantations. In this investigation, Mg-(15 and 25 wt%) GMB 

SFs were produced using the DMD technique, and the friction and wear 
behavior of the samples were examined under dry sliding conditions. 
The results revealed a reduction in the wear rate of pure Mg with an 
increase in GMB content (Fig. 11A(a)). The Mg-25 wt%GMB specimen 
exhibited the lowest wear rate of 0.273 mm3/N-km, approximately 2.5 
times lower than pure Mg (Fig. 11A(a)). Regarding friction, the study 
demonstrated a decrease in the coefficient of friction (μ) (Fig. 11A(b)) 
with an increase in GMB content (Fig. 11A(b)) [80]. Mg-25 wt% GMB 
exhibited a roughly 13% lower μ compared to pure Mg. These findings 
highlighted the effectiveness of uniformly dispersed GMB particles in 
significantly enhancing the wear resistance of SFs. As stated, this 
improvement is crucial for overcoming delamination wear. This factor 
has traditionally restricted the advantages of composites with discon-
tinuous reinforcements under sliding wear conditions, particularly in 
structural and biomedical applications [80]. 

Prasadh et al. [122] investigated the corrosion performance of 
Mg-MSFs containing hollow SiO2 nanoparticles at 0.5, 1, and 1.5 vol%, 
with 10–20 nm particle sizes. They employed a DMD technique to 
fabricate their Mg-MSFs. This study assessed the developed Mg-MSFs’ 
suitability as potential biodegradable implants for orthopedic and 
maxillofacial applications in Hank’s Balanced Salt Solution (HBSS). The 
outcomes showed that over 24 h, there was a significant increase in pH 
values for all samples, reaching 9.2 to 9.4, indicating the interaction of 
Mg and Mg-based materials with physiological environments (Fig. 11B 
(b)). This interaction was particularly noticeable in the initial 12–24 h, 
as shown in Fig. 11B(b). SEM analysis revealed that the presence of SiO2 
nanoparticles contributed to a reduction in pitting extent due to their 

Fig. 10. A: Annual corrosion rate of Mg-HSNS SFs, B: Representative micrographs of corroded surfaces, where (a) shows pure Mg (cross-linked cracks on the surface 
due to dehydration during SEM sample preparation are indicated) and (b) depicts Mg-1.0 vol%HSNS in ABPS medium, C: Micrographs illustrating corrosion surface 
morphology, with (a,b) representing pure Mg in ASS and (c–g) showing Mg-1.0 vol% HSNS in ASS at different areas of the sample and various magnifications [120]. 
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near-uniform distribution in the matrix and the resulting decrease in 
grain size (Fig. 11C). Also, results indicated that the number of pits 
observed in Mg-1.5 vol% SiO2 was relatively higher than that of Mg-0.5 
vol% SiO2 and Mg-1.0 vol% SiO2. Furthermore, it was observed that a 
more uniformly formed passive layer in the nanocomposites acts as a 
barrier between the matrix material and the surrounding medium. This 
delayed the onset of corrosion and reduced the pH compared to pure Mg. 
Mg-0.5 vol% SiO2 and Mg-1.0 vol% SiO2 specimens exhibited a more 
uniformly formed layer in comparison to Mg-1.5 vol% SiO2 (Fig. 11C) 
[122]. The corrosion rates for all samples progressively decreased, 
except for Mg-1.5 vol% SiO2 nanocomposite, which showed a slight 
initial increase. Among the composite specimens, Mg-0.5 vol% SiO2 
nanocomposite displayed the minimum and the most uniformly 
decreasing corrosion rate, while Mg-1.0 vol% SiO2 and Mg-1.5 vol% 
SiO2 nanocomposites exhibited slightly higher corrosion rates without a 
consistently uniform trend [122]. 

The corrosion performance of AZ91D Mg-MSF, reinforced with hol-
low glass microspheres (HGM), was assessed using the ASTM B117-11 
salt spray test [73]. Findings revealed that the base Mg alloy exhibited 
higher corrosion susceptibility when compared to the Mg alloy rein-
forced with HGM. The Mg-MSF comprised an α-Mg phase, precipitated 
β-Mg17Al12 phase, and HGM reinforcement phase. It was demonstrated 
that introducing HGM particles reduced the α-Mg phase, subsequently 
lowering the corrosion rate of the Mg-MSF. Akinwekomi et al. [131] 
chose carbamide granules as open-cell formers instead of sodium chlo-
ride (NaCl). The primary reason for this substitution was carbamide 
granules’ benign effect on Mg’s corrosion during the dissolution stage. 
In contrast, using NaCl space holders has been reported to exacerbate 
the corrosion of Mg-based foams. The corrosion behavior of SFs 
composed of AZ61 Mg alloy and FACs with a diameter of 100–250 μm 
and a density of 0.70 g/cm3, fabricated through a combination of P/M 
and MWS techniques, was assessed by Akinwekomi et al. [132]. The 
outcomes of electrochemical analysis in a sodium chloride solution 
indicated a shift in Tafel polarization curves towards lower current 

densities with an increase in the volume fraction of FAC in the SFs. This 
observation suggests that FACs, under the absence of galvanic interac-
tion between the microspheres and AZ61 matrix, generally enhance the 
corrosion resistance of the alloy [132]. Table 5 summarizes the 
results/remarks related to the corrosion properties of SFs with different 
Mg-based matrixes under various processes. 

Research on the Mg and Mg-MSFs’ corrosion properties is generally 
lacking. Considering the significant 

potential of Mg-based SFs, conducting additional studies is crucial to 
expand our understanding of their corrosion behavior. This knowledge 
is essential for their effective utilization in various industrial and 
biomedical applications. 

5. Conclusions and future directions 

Syntactic foams are a novel type of foams that have isolated pore 
structures. These foams have low densities comparable to metallic and 
polymeric foams with interconnected pore structures. Additionally, they 
exhibit superior mechanical and energy absorption properties compared 
to metallic foams with interconnected pore structures. This makes syn-
tactic foams highly desirable for applications where having both low 
density and good mechanical properties is crucial. One area of research 
that stands out is in biomedical applications, which has led to the need 
for advanced biodegradable materials. Syntactic foams can also be used 
to construct floating objects, thanks to their lower density than water 
and impressive mechanical properties. Given their favorable strength- 
to-density ratio, these materials offer potential applications in various 
industries, including the automotive industry - where they can enhance 
car speed and fuel efficiency - and laboratory centrifuge rotors to ach-
ieve higher speeds. Therefore, researchers have a growing interest in and 
appeal to the use of syntactic foams, especially Mg-based ones, due to 
their low density and adequate biocompatibility, as indicated by the 
increasing number of publications on this material. The review covers 
the historical development, current strategies, and potential future 

Fig. 11. (A)(a) Wear rates and (b) friction coefficient values for monolithic Mg, Mg-15 wt%GMB, and Mg-25 wt% GMB SFs [80], B: Evaluation of synthesized 
samples during immersion testing. (a) Corrosion rates, determined through weight loss and (b) pH measurements. (C) SEM images depicting (a) pure Mg, (b) Mg-0.5 
vol% SiO2, (c) Mg-1.0 vol% SiO2, and (d) Mg-1.5 vol% SiO2 nanocomposites after 7 days of immersion. Red arrows highlight corroded and non-corroded areas. 
Magnification, × 75. Scale bars measure 200 μm [122]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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Table 5 
Corrosion properties of different SFs with different Mg-based matrixes and different filler properties, fabricated by various techniques.  

Technique Substrate/ 
reinforcements 

Porosity 
(%)/pore 
structure 

Electrolyte Test 
duration 
(h) 

Ecorr 
(V/SCE) 

icorr 
(μA/ 
cm2) 

Rp Corrosion 
rate (mm/ 
year) 

Enhancement mechanism/remarks Ref. 

Stir 
casting 

AZ91D (parent 
alloy) 

– 3.5 wt% Salt 
spray 

48 – – – 0.032 Adding HGM particles decreased 
the alpha Mg phase, which reduced 
the corrosion rate of MMSF. 

[73] 

AZ91D matrix 
with 15% HGM 

Close pore 
structure 

3.5 wt% Salt 
spray 

48 – – – 0.0074 

AZ91D matrix 
with 20% HGM 

Close pore 
structure 

3.5 wt% Salt 
spray 

48 – – – 0.0017 

AZ91D matrix 
with 23% HGM 

Close pore 
structure 

3.5 wt% Salt 
spray 

48 – – – 0.0013 

DMD Pure Mg SF Close pore 
structure 

PBS – − 1.547 
(V) 

133.2 41.2 
(Ω 
cm2) 

3.005  - The presence of hollow spheres in 
Mg-based materials was likely to 
decrease the Mg content 
compared to pure Mg for any 
given vol%. Consequently, the 
metal matrix’s exposure to cor-
rosive environments was 
reduced.  

- Hollow spheres within the matrix 
filled voids and offered sufficient 
resistance to corrosion, leading to 
a noticeable improvement in the 
corrosion rate. 

[121] 

DMD Mg matrix with 
0.5 vol% HSNS 

Close pore 
structure 

PBS – − 1.551 
(V) 

46.0 24.4 
(Ω 
cm2) 

1.034 [121] 

DMD Mg matrix with 
1.0 vol% HSNS 

Close pore 
structure 

PBS – − 1.563 
(V) 

6.2 136.4 
(Ω 
cm2) 

0.138 [121] 

DMD Mg matrix with 
1.5 vol% HSNS 

Close pore 
structure 

PBS – − 1.553 
(V) 

46.1 26.4 
(Ω 
cm2) 

1.026 [121] 

DMD Mg matrix with 
2.0 vol% HSNS 

Close pore 
structure 

PBS – − 1.542 
(V) 

390.9 20.4 
(Ω 
cm2) 

8.65 [121] 

DMD Pure Mg SF Close pore 
structure 

HBSS – − 1.502 
(V) 

29.2 265.8 
(Ω 
cm2) 

0.659 [121] 

DMD Mg matrix with 
0.5 vol% HSNS 

Close pore 
structure 

HBSS – − 1.488 
(V) 

19.2 130.1 
(Ω 
cm2) 

0.431 [121] 

DMD Mg matrix with 
1.0 vol% HSNS 

Close pore 
structure 

HBSS – − 1.507 
(V) 

13.6 198.5 
(Ω 
cm2) 

0.304 [121] 

DMD Mg matrix with 
1.5 vol% HSNS 

Close pore 
structure 

HBSS – − 1.543 
(V) 

6.6 238.8 
(Ω 
cm2) 

0.148 [121] 

DMD Mg matrix with 
2.0 vol% HSNS 

Close pore 
structure 

HBSS – − 1.522 
(V) 

2.8 762.8 
(Ω 
cm2) 

0.062 [121] 

P/M +
MWS 

AZ61 matrix – 3.5% 
Sodium 
chloride 
solution 

– − 1462 
(mV) 

2.86 – 0.071 When the amount of fly-ash 
microspheres (FAMs) escalated, 
Tafel polarization curves switched 
to lower icorr, according to the 
corrosion performance of syntactic 
composite 
foams made of AZ61 and FAMs in 
solution containing NaCl. This 
showed that because 
FAMs reduced the surface area of 
the specimens subjected to the 
corrosion environment and 
reduced galvanic contact, 
usually diminish the foams’ 
corrosion rate. 

[132] 

P/M +
MWS 

AZ61 matrix with 
20 vol% fly ash 
microspheres 

23.18 
Close pore 
structure 

3.5% 
Sodium 
chloride 
solution 

– − 1479 
(mV) 

2.79 – 0.090 [132] 

P/M +
MWS 

AZ61 matrix with 
30 vol% fly ash 
microspheres 

17.83 
Close pore 
structure 

3.5% 
Sodium 
chloride 
solution 

– − 1413 
(mV) 

1.83 – 0.055 [132] 

P/M +
MWS 

AZ61 matrix with 
40 vol% fly ash 
microspheres 

20.28 
Close pore 
structure 

3.5% 
Sodium 
chloride 
solution 

– − 1172 
(mV) 

0.48 – 0.015 [132] 

DMD Pure Mg Close pore 
structure 

ABPS (pH =
7.4) 

– − 1.53 27.77 – –  - Among the materials tested, 
monolithic Mg demonstrated the 
lowest corrosion potential.  

- The presence of HSNS leads to 
significant grain refinement, 
which enables more easily 
passivating the surface of SFs by 
breaking down the secondary 
phase particles along the GB and 
subsequently improving their 
corrosion performance.  

- Materials synthesized under pH 
7.4 conditions in APBS, PBS, and 
HBSS exhibit a higher corrosion 
rate compared to those in ASS 
with a pH of 6.2.  

- The accelerated dissolution 
process in Mg-1.0 vol% HSNS SF 

[120] 

DMD Mg-0.5 vol% 
HSNS (particle 
size = 10–20 nm) 

Close pore 
structure 

ABPS (pH =
7.4) 

– − 1.52 24.45 – – [120] 

DMD Mg-1.0 vol% 
HSNS (particle 
size = 10–20 nm) 

Close pore 
structure 

ABPS (pH =
7.4) 

– − 1.48 35.05 – – [120] 

DMD Pure Mg Close pore 
structure 

PBS (pH =
7.4) 

– − 1.54 55.46 – – [120] 

DMD Mg-0.5 vol% 
HSNS (particle 
size = 10–20 nm) 

Close pore 
structure 

PBS (pH =
7.4) 

– − 1.55 52.76 – – [120] 

DMD Mg-1.0 vol% 
HSNS (particle 
size = 10–20 nm) 

Close pore 
structure 

PBS (pH =
7.4) 

– − 1.55 29.67 – – [120] 

DMD Pure Mg Close pore 
structure 

ASS (pH =
6.2) 

– − 1.72 15.83 – – [120] 

(continued on next page) 
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directions in using Mg-matrix syntactic foams for various applications. It 
also comprehensively discusses the fabrication techniques of metallic- 
based syntactic foams including Mg-based ones, and methods based on 
stir casting, melt infiltration, and powder metallurgy. Further, it spe-
cifically evaluates the microstructural specifications, mechanical prop-
erties and corrosion resistance of Mg-based syntactic foams that have 
been fabricated up to now. The characteristics of the generated Mg- 
based syntactic foams are influenced by the chemical composition of 
the Mg-based matrix, the chemical and physical specifications of the 
filler particles shell, the ratio of filler to matrix, the dispersion of fillers in 
the matrix, and the fabrication technique and its parameters. Achieving 
uniform filler dispersion in the Mg-based matrix and adequate interac-
tion between the Mg-based matrix and hollow filler particles is essential 
for formulating an Mg-based syntactic foam with good mechanical 
properties and gradual corrosion behavior in corrosive environments. 
The fabrication technique and its parameters significantly affect the 
properties of the fabricated Mg-based syntactic foams. Due to the use of 
high temperatures in methods based on stir casting and melt infiltration 
compared to powder metallurgy technique, not only is the possibility of 
Mg-based matrix ignition higher but also the reaction between the 
molten Mg-based matrix and fillers is more severe, which may lead to 
filler particle shell fracture and being infiltrated by molten Mg or Mg- 
based alloy. On the other hand, in powder metallurgy, even though 
the fabrication temperature is lower, applying mechanical pressure can 
lead to filler particle shell fracture. Therefore, choosing an adequate 
fabrication technique and its optimum parameters according to the 
chemical and mechanical properties of Mg-based matrix and fillers and 
the ratio of filler to matrix is essential for fabricating Mg-based syntactic 
foam with the desired properties. The formation of the intermetallic 
phases, their chemical composition, and their amount, which happen 
due to the reaction between the Mg-based matrix and fillers, can 
significantly affect the mechanical properties of the fabricated Mg-based 
syntactic foams and are mainly dependent on the chemical composition 
of the Mg-based matrix and filler shell, the fabrication technique and its 
parameters. Adding stiffer and stronger reinforcements enhances the 
hardness of syntactic Mg-based foam. By adjusting the content of fillers, 
we can customize the mechanical and degradation characteristics of the 
Mg-based syntactic foams according to the application’s specific re-
quirements. Corrosion evaluation results suggest the chemical compo-
sition of the Mg-based matrix and fillers, hollow filler particles shell 
structure (especially the presence of microvoids), and the percentage of 
fillers strongly affect the degradation of Mg-based syntactic foams, 
mainly due to changes in the surface area and reactivity with the cor-
rosive environment. Furthermore, since the majority of fillers present a 
much lower density due to their inner hollow space compared to the Mg- 
based matrix, the density of the fabricated Mg-based syntactic foams 
significantly decreases with an increase in reinforcement mass fraction. 
Adding stiffer and stronger reinforcements enhances the hardness of 

syntactic Mg-based foam. In orthopedic applications, especially at load- 
bearing sites, Mg-based syntactic foams containing biocompatible hol-
low filler particles can be a potential candidate and demonstrate higher 
mechanical properties and corrosion resistance than Mg-based foams 
with interconnected porosities. 

Further research is necessary to evaluate the possibility of combining 
multiple fillers to create MgMSFs with more targeted and specific 
properties for a given application or attaining novel properties that 
would not be achievable by utilizing a single filler type. Furthermore, 
more investigations are vital for enhancing the biocompatibility of 
MgMSFs for orthopedic applications and improving the biological 
properties of MgMSFs, such as osteointegration, osteoconductivity, 
osteoinductivity, and cell viability. In addition, discovering optimized 
parameters for fabrication techniques to prevent or at least minimize the 
unwanted reactions between fillers and matrix, which can have a 
harmful and unpredicted effect on the mechanical properties and 
corrosion behavior or induce the desired response between re-
inforcements and the matrix, is essential to achieve MgMSFs with 
desired specifications. In addition, the possibility of applying various 
surface modifications, such as different coatings or surface chemical 
conversion, to enhance the corrosion properties of these foams for ap-
plications in corrosive environments for both industrial and biomedical 
purposes should be investigated. Furthermore, it is suggested that the 
possibility of loading hollow reinforcements with biological molecules 
such as growth factors or medicines such as antibiotics to induce and/or 
improve properties such as cell differentiation, cell proliferation, or 
antibacterial properties be evaluated, which requires using low tem-
peratures during the fabrication process to prevent the degradation of 
the loaded pharmaceutical or biological agent. 
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Abbreviations 

ABPS Artificial blood plasma solution 
AC Activated Carbon 
Al Aluminum 
ASS Artificial saliva solution 
ASTM American Society for Testing and Materials 
ZC Zinc-copper 
BSE Backscattered electrons 
CFS Compressive fracture strain 
CMB Ceramic microballoon 
CPS Compressive peak stress 

Table 5 (continued ) 

Technique Substrate/ 
reinforcements 

Porosity 
(%)/pore 
structure 

Electrolyte Test 
duration 
(h) 

Ecorr 
(V/SCE) 

icorr 
(μA/ 
cm2) 

Rp Corrosion 
rate (mm/ 
year) 

Enhancement mechanism/remarks Ref. 

was attributed to a higher 
concentration of Cl¬ and SO4

2−

ions in ABPS compared to PBS 
and HBSS.  

- Highest corrosion rate is related 
to PBS, which is due to the higher 
concentration of dihydrogen 
phosphate  

- Compared to other electrolytic 
solutions. 

SF (DMD) Mg-0.5 vol% 
HSNS (particle 
size = 10–20 nm) 

Close pore 
structure 

ASS (pH =
6.2) 

– − 1.66 13.15 – – [120] 

SF (DMD) Mg-1.0 vol% 
HSNS (particle 
size = 10–20 nm) 

Close pore 
structure 

ASS (pH =
6.2) 

– − 1.65 11.85 – – [120] 

DMD Pure Mg Close pore 
structure 

HBSS (pH =
7.4) 

– − 1.52 30.82 – – [120] 

DMD Mg-0.5 vol% 
HSNS (particle 
size = 10–20 nm) 

Close pore 
structure 

HBSS (pH =
7.4) 

– − 1.48 23.61 – – [120] 

DMD Mg-1.0 vol% 
HSNS (particle 
size = 10–20 nm) 

Close pore 
structure 

HBSS (pH =
7.4) 

– − 1.50 13.71 – – [120]  
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CS Compressive strength 
CSC Conventional stir casting 
CTE Coefficient of thermal expansion 
CUS Compressive ultimate strength 
CYS Compressive yield strength 
DMD Disintegrated melt deposition 
EA Energy absorption 
EAC Energy absorption capacity 
EDS Energy dispersive X-ray spectroscopy 
EG Expanded glass 
EP Expanded perlite 
FAC Fly-ash cenosphere 
FTIR Fourier transform infrared spectroscopy 
GB Grain boundaries 
GMB Glass microballoon 
HBSS Hank’s Balanced Salt Solution 
HCS Hollow carbon sphere 
HGM Hollow glass microsphere 
HGMB Hollow glass microballoon 
HSCS Hollow silicon carbide spheres 
HSNS Hollow Silica nano-spheres 
HTC Heat-treated condition 
MCC Machine cooling condition 
MF Metallic foam 
Mg Magnesium 
Mg-MSF Magnesium-matrix syntactic foam 
MIT Melt infiltration technique 
AZ Aluminum-zinc 
MSF Metal syntactic foam 
MMC Metal matrix composite 
MMSF Metal matrix syntactic foam 
MWS Microwave sintering 
P/M Powder metallurgy 
PBS Phosphate-buffered saline 
PF Polymeric foam 
QCC Quenching cooling condition 
SBF Simulated body fluid 
SC Stir casting 
SCT Stir casting technique 
SEA Specific energy absorption 
SEM Scanning electron microscope 
SF Syntactic foam 
SiC Sn 
Silicon carbide Tin 
SPS Spark plasma sintering 
TCS Total compressive strain 
TE Tensile elongation 
TFS Tensile fracture strain 
Ti Titanium 
TYS Tensile yield strength 
UCS Ultimate compressive strength 
UTS Ultimate tensile strength 
XRD X-ray diffraction 
Zn Zinc 
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