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1 Introduction 

Closed cell, high strength metallic foams, as ceramic hollow sphere reinforced metal matrix 

syntactic foams (MMSFs) are promising materials to build lightweight structural parts. The 

application of these composites can range from load bearing structures to vibration damping 

structural parts like machine beds, spindles etc. In numerous cases, the fatigue properties are 

necessary in order to conduct proper design calculations. 

The basic mechanical properties of MMSFs have been widely studied. The publications fo-

cus mainly on the compressive behavior of the foams (as most common loading mode), but 

tensile and wear properties [1, 2] as well as structure reconstruction methods [3] have been 

described too. For example, the quasi-static and high-strain-rate properties of Al-Al2O3 

MMSFs were monitored and predicted considering the strength of the matrix material and the 

size of the reinforcing hollow spheres [4-6]. Peroni, Lehmhus, Weise et al. [7-10] character-

ized iron based syntactic foams reinforced by glass microspheres. Besides the production, the 

quasi-static tensile / compressive properties and the strain-rate dependency of the materials 

were investigated up to the dynamic loading rates (in overall from 10
-3

 s
-1

 up to 10
3
 s

-1
). The 

results demonstrated that the strain-rate influence observed for the syntactic foam was mainly 

correlated to the matrix. Taherishargh et al. [11, 12] investigated the application possibility of 

low-density perlite as filler material in order to reduce the production costs. Owing to the high 

porosity of the filler material (~95%), the total porosity of the new foam reached ~60%. Un-

der compression, the MMSFs showed common stress–strain curves consisting of elastic, plat-

eau and densification regions. Because of their consistent plateau stress (average value 

~30 MPa), large densification strain (almost 60%), and high-energy absorption efficiency 

(~90%) the produced MMSFs are effective energy absorbers. Besides the above mentioned 

and similar works, only a little effort was focused on the fatigue properties. 

Vendra et al. investigated the fatigue properties of MMSFs that contained steel hollow 

spheres in aluminum matrix (made by gravity casting) or in steel matrix (made by powder 

metallurgy method). Under cyclic compression loading, the MMSFs showed high cyclic sta-

bility and the deformation of the composite foam samples could be divided into three stages – 

linear increase in strain with fatigue cycles (stage I), minimal strain accumulation in large 

number of cycles (stage II) and rapid strain accumulation within few cycles up to complete 

failure (stage III). The deformation of the MMSFs occurred to be uniform compared to regu-

lar metal foams, which deform by forming collapse bands at weaker sections [13]. 

Somewhat similar, but not identical case is the assembled pack of hollow spheres (without 

the surrounding matrix) that called hollow spheres structures (HSS) were investigated by Caty 

et al. The steel specimens were tested in both cyclic compression and tension modes. The re-



 

sults showed that the constitutive material and in particular, the processing route had the most 

dominant effect on fatigue properties through the wall properties, the shape and strength of 

the bonding between two spheres and the homogeneity of the resulting material. The density 

of the structure was a secondary important parameter. The diameter of the spheres had a mi-

nor effect on fatigue strength, but acted more on the fatigue stress sensibility (slope of the S–

N curve). Moreover, the fatigue limit in tension loading was found to be twice lower than in 

compression loading [14]. 

2 Materials and methods 

The investigated MMSFs were produced by inert gas pressure assisted, liquid state infiltra-

tion. In this commonly used process Ar gas was used as inert pressurizing medium. The 

chemical compositions of the applied matrix materials are listed in Table 1. 

Table 1. Measured chemical composition of the applied matrix materials. 

Matrix 
Composition (wt%) 

Si Fe Cu Mn Mg Zn Al 

Al99.5 0.123 0.328 0.003 0.003 0.002 0.005 
Rem. 

AlSi12 12.830 0.127 0.002 0.005 0.010 0.007 

As filler, SL300 grade ceramic hollow spheres (Table 2) were applied from Envirospheres 

Pty. Ltd. The volume fraction of the filler was always maintained at ~65 vol%. The hollow 

sphere consisted of 33 wt% Al2O3, 48 wt% amorph SiO2 and 19 wt% mullite (Al2O3∙SiO2). 

Table 2. Typical average properties of hollow ceramic microspheres. 

Outer diameter (μm) Wall thickness (μm) Strength (MPa) Real density (kgm
-3

) 

150 6.75 ~45 691 

The fatigue tests were performed on an Instron 8872 type servo-hydraulic universal testing 

machine in a four bar guided tool. The plates of the tool were ground and tempered to 

45 HRC. The specimens were cylindrical (Ø8.50 mm × 12.75 mm, the aspect ratio was 

H/D = 1.5). The loading of the specimen was cyclic compression with R = 0.1 at different 

load ratios (k = σmax / σc) from 0.6 up to 0.9. The frequency of the cycles was set to f = 10 Hz. 

Five specimens were tested on each load ratio and the measurements were statistically evalu-

ated. As failure criterion a deformation limit was applied, the specimen considered to be bro-

ken if its overall engineering deformation reached ε = 2%. In other cases, the tests were 

stopped at 2∙10
6
 cycles and the specimens survived the test. 

3 Results and discussion 

A typical, quasi-static compressive engineering stress – engineering strain curve of an 

AlSi12-SL300 MMSF is shown in Fig. 1a. The curve can be divided into three parts and more 

subparts, as it was analyzed and detailed previously [15-17]. According to the ruling standard 

about the compressive tests of cellular materials [18], the curve has several characterizing 

properties. Besides others, the characterizing properties are the compressive strength (σc), the 

fracture strain (εc), the structural stiffness (S) and the absorbed mechanical energy (Wc). In the 



   

actual point of view, only the compressive strength (σc (MPa)) is important as it gives the 

base for the definition of the load ratio (k), or normalized stress level. Based on the load ratio, 

the cyclic loading is depicted in Fig. 1b. As the MMSF blocks can have gradients in their 

physical and mechanical properties [19], resulting in significant scatter in their compressive 

strength, the average values cannot be used as the base for the load ratio with full confidence 

(especially in the case of high load ratios, near to the compressive strength). Therefore, during 

the turning, a pair of specimens was machined from very next places to each other. The meth-

od ensured identical compressive strength for the specimen pairs. The first specimen was used 

to preliminary measure the compressive strength and the second one was subjected to the cy-

clic loading based on the preliminary test. 

Figure 1. Typical quasi-static compressive curve of an AlSi12-SL300 MMSF (a) and the applied cy-

clic loading (b). 

During the cyclic loading, the cycles were recorded and evaluated for the overall (elastic 

and plastic) maximal compressive deformation that was plotted against the number of cycles. 

When the overall deformation reached 2% the tests were stopped and the specimen considered 

to be failed. A typical deformation – number of cycles curve is plotted in Fig. 2a.  

Figure 2. Typical deformation versus cycles (a) and deformation rate versus cycles (b) curve of an 

AlSi12-SL300 MMSF at load ratio k = 0.7. 

As it is shown in the inset diagram of Fig. 2a, the cyclic deformation starts with a rapid de-

formation accumulation, the overall deformation increased quickly, up to about 1000 cycles. 

Parallel to, this the deformation rate decreased sharply (very left side and inset graph in 



 

Fig. 2b). Subsequently, the deformation rate gradually decreased further and became constant. 

For a long term the deformation rate (e. g. the increment of deformation cycle by cycle, or the 

slope of the overall deformation versus cycles curve) was practically 0 cycle
-1

. After a quite 

long and constant part, the deformation rate increased dramatically and the deformation ac-

cumulated rapidly. Finally, the specimen was broken (at ε = 2%) or survived 2∙10
6
 cycles and 

the test was stopped. The repeated tests were evaluated by the method of Weibull fittings and 

lifetime approximations at different load ratios. The probability of survival was set to 80% 

and linear fittings were performed in order to get continuous connection between the load 

ratio (or normalized stress) and the expected lifetime. The evaluated data for the investigated 

matrix and hollow sphere combinations with the corresponding error bars are shown in Fig. 3.  

Figure 3. Load ratio versus fatigue life curves of the investigated MMSFs. 

As it can be seen in Fig. 3, the fitted lines starts from the same point, corresponding to the 

normalized quasi-static compressive strength of the material (one cycle, k = 1 loading ratio). 

With the decrement of the load ratio, the fatigue life increased simultaneously. The gradually 

increasing deviation between the fitted lines corresponds to the different failure mechanism in 

the case of Al99.5 and AlSi12 matrix materials respectively, and it is influenced by the prob-

abilistic nature of the crack initiation mechanism (especially at lower load ratios). The softer, 

unalloyed matrix ensured higher fatigue life, thanks to the large deformation capability of the 

pure Al matrix. The near eutectic, Si alloyed matrix showed lower fatigue life, due to the 

presence of Al and Si lamellae and in some places primary Si precipitations (see Table 1, the 

eutectic formed at 12.6 wt% Si [20]). In Fig. 4 a typical micrograph of an AlSi12 MMSF is 

shown, with its eutectic microstructure and a large, blocky Si precipitation. 

Figure 4. Micrograph of AlSi12 MMSF showing eutectic microstructure and a blocky precipitation. 



   

The Si lamellae and the edges of the primary Si precipitations act as stress concentrators 

sites and they can be the starting points of microcracks. The difference can also be observed 

in the failure mechanism. In quasi-static compression and in the case of H/D = 1.5, two typi-

cal failure mechanism could be separated [15-17]. In the case of Al99.5 matrix, the soft base 

material deforms plastically and the typical failure mechanism is shearing induced cleavage, 

in which usually one determined shear band is formed, closing ~30-40° to the load direction. 

The initiation of the cleavage band depends on the crush strength of the hollow spheres. In the 

case of harder, Si alloyed matrix the failure concentrates between two compression cones 

forms on the tool plates. The shape of the failure zone is usually lenticular combined with 

shear bands at its perimeter. This failure mode is ruled by the yield strength of the matrix. 

In cyclic compression the failure modes (Fig. 5) depends on the relation between the 

strengths of the matrix and the ceramic hollow spheres. If the matrix yields before the com-

pressive stress reaches the crush strength of the hollow spheres, the deformation accumulates 

by the plastic deformation of the matrix until the cleavage band formed in the weakest region 

(Fig. 5a). This can easily occur at critical sites in the matrix walls and struts (between the hol-

low spheres), in which multiaxial (compression, tension and bending) stress state exists due to 

the built up of the foam structure. Later, the deformed band thickens and the failure criterion 

is reached quickly. In other case, when the hollow spheres crushes before the matrix yields, a 

lenticular damaged zone forms in the center region of the specimen (Fig. 5b). Near the col-

lapsed hollow spheres the matrix deforms plastically (the support of the ceramic hollow 

sphere is lost), the matrix slowly compresses the broken spheres and replaces its cavity. Due 

to this process, the overall deformation accumulates quickly. 

Figure 5. Macrograph of broken (a) Al99.5 and (b) AlSi12 MMSF. 

4 Conclusions 

From the above detailed investigations, the following conclusions can be summarized. 

 The deformation versus number of cycle curves of MMSFs can be divided into three sep-

arate sections. In the first part rapid deformation accumulation occurs; the longest part is 



 

the second one, during which the deformation rate is practically zero and finally the third 

part’s rapid deformation results in failure. 

 The matrix material has significant effect on the expected lifetime of the MMSFs at given 

load ratio (normalized stress levels). The softer matrix ensure longer lifetime. The life-

time gap between the different MMSFs increases as the load ratio decreases. 

 The failure mode of MMSFs is also influenced by the matrix material and depends on the 

ratio between the yield strength of the matrix and the crush strength of the ceramic hol-

low spheres. 
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