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Abstract 

Aluminum alloy matrix syntactic foams were produced by inert gas pressure infiltration. Four 

different alloys and ceramic hollow spheres were applied as matrix and filler material, 

respectively. The effects of the chemical composition of the matrix and the different heat-

treatments are reported at different strain-rates and in compressive loadings. The higher strain 

rates were ensured performed inby a Split-Hopkinson pressure bar system. The results show 

that, the characteristic properties of the materials strongly depends on the chemical composition 

of the matrix and its heat-treatment condition. The compressive strength of the investigated 

foams showed a limited sensitivity to the strain rate, its effect was more pronounced in the case 

of the structural stiffness and fracture strain. The failure modes of the foams have explicit 

differences showing barreling and shearing in the case of quasi-static and high strain rate 

compression respectively. 

 

Keywords: A. Foams; B. Fracture; B. Mechanical properties; C. Mechanical testing 

 

1. Introduction 

Metal matrix syntactic foams (MMSFs) are particle reinforced composites, filled by hollow 

spheres. This type of material is interesting since when compared to other metal foams it 

combines lower maximum porosity and higher density with greatly increased quasi-static 

compressive strength. Moreover, it maintains the advantages and useful properties of metal 

foams such as low density, thermal and environmental resistance. In most cases the matrix 

material is aluminum alloy, but steel [1-5], magnesium [6] and titanium [7-9] matrices have also 

been investigated. As reinforcement, commercially available ceramic [10-15] or metallic [10] 

hollow spheres are the most common systems on MMSFs. Additional serious efforts have been 

made to reduce the cost of MMSFs by using low cost perlite [16-18] or pumice [19]. 

MMSFs can be applied in numerous fields;. fFor exampleinstance, due to their damping 

capacity and low density features,  they can be used as make them applicable materials foras 

automotive brake rotors, and steer rods,  etc. or as for different covers / hulls / packaging 

(sandwich cores) structures. TIndeed, tTheir high energyhigh-energy absorption capabilitytycity 
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and high compressive strength can also be beneficial in crash energy absorption zones 

(aerospace and ground transportation) and protective panels’ applications (vehicles, buildings). 

MMSFs have also have shown electromagnetic (EM) damping propertiesy thatand can be 

applied in thefor EM and microwave shielding field. 

The main loading mode of metallic foams is compression, and the compressive behavior of 

MMSFs has been widely studied [20-27]. Due to its importance, their testing methodology and 

characteristic properties under quasi-static conditions have been summarized in standard 

procedures [28]. However, the effects of higher strain rates have not completely investigated. 

This would be important in the perspective of collision dampers or protective applications., Ffor 

example,. Balch et al. fabricated aluminum matrix / hollow ceramic microsphere syntactic foams 

(SFs) by liquid metal infiltration of commercially pure and 7075 aluminum. The SFs showed 

quasi-static compressive strengths of 100 MPa and 230 MPa, respectively. The dynamic 

compression tests proved ~10–30% increase in peak strength compared to the quasi-static 

results, and the strain rate sensitivities of these foams were similar to those of aluminum matrix 

composite materials [29]. Luong et al. determined the strain rate dependence of compressive 

response for A4032 aluminum alloy/hollow fly ash cenosphere composites. They reported that .t 

The composite showed a higher strength and a energy absorption capability at higher strain 

rates, moreover the energy absorption capability of A4032/fly ash cenosphere composites was 

found to be higher at higher strain rates  [30]. Similar tests were performed on AZ91D 

magnesium alloy composites filled with 5 wt% hollow fly ash cenospheres. Compared to the 

matrix alloy, the energy absorption was higher in their counterpart composites at comparable 

strain rates [31]. Luong et al. also studied the quasi-static and dynamic properties of aluminum 

alloy matrix SiC hollow particle reinforced (A356/SiC) SFs. The composites were manufactured 

in two different densities using SiC hollow spheres with identical outer diameter (~1 mm), but 

with different wall thicknesses (67.8±13.6 and 79.3±20.5 μm, respectively). The different types 

of SFs had a specific quasi-static compressive strength of 89.1 and 87.4 MPa/(gcm
-3

), and a 

specific high strain rate (2100 s
-1

) compressive strength of 81.2 and 76.1 MPa/(gcm
-3

), 

respectively. It was determined that tThe samples did not show strain rate sensitivity [23, 32]. 

Gupta et al. produced Mg based SFs with extremely low density (0.97 gcm
-3

), filled withby SiC 
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hollow spheres. The peak strength and the elastic energy absorbed up to the peak strength 

showed an increasing trend bywith increasing theed strain rates (from 1330 to - 2300 s
-1

). The 

values at high strain rate were up to 1.5 times higher than the corresponding quasi-static 

values. The failure at high strain rates was observed to be crushing of the particles, plastic 

deformation of the matrix, and propagation of cracks along the precipitates on the grain 

boundaries [33]. Santa-Maria et al. determined the quasi-static and dynamic mechanical 

properties of A380–Al2O3 MMSFs with six different microsphere sizes and different size ranges. 

The tests were conducted at strain rates between 880 and 1720 s
-1

 and revealed that the 

properties of MMSFs containing hollow spheres with an average diameter of 0.425–0.85 and 

0.85–1 mm were not strain rate-dependent and, therefore, their performance would have been 

similar to that determined from quasi-static tests [24]. Zou et al. investigated the dynamic 

mechanical behavior of aluminum matrix SFs using aby Split-Hopkinson pressure bar system. 

The MMSFs were fabricated by pressure infiltration technique and had a porosity ratio of 45%. 

The energy absorption capability of the SFs exceeded 70% under dynamic loading than that 

shown underversus under quasi-static loading rates. During the deformation process, the 

syntactic foam exhibited a well remarked energy absorption capability due to the reduction of 

original pores in SFs accused caused by cenospheres rupture. Hence, the aluminum matrix SFs 

are considerably suitable for suit applications for the varied protective devices in the aerospace 

and automobile applications, field due to their high strength–density ratio and excellent energy 

absorption capabilities [34]. Dou et al. investigated the high strain rate compression behavior of 

cenosphere–pure aluminum SFs, and compare their performance to that displayed under quasi-

static loading rate conditions. It was found that tThe foams exhibited distinct strain rate 

sensitivity and that the peak strengths increased from ~45–75 to ~65–120 MPa. Also, they 

observed an increase in the energy absorption capacity by ~50–70% [35]. Goel et al. studied 

the compression behavior of aluminum cenosphere SFs at strain rates ranging from quasi-static 

conditions to 1400 s
-1

. The compressive strength and energy absorption of the investigated 

foams attained a maximum at strain rates of approximately 750 s
-1

, and then decreased as the 

strain rate increased. It was also found that tThe foam with coarser cenospheres appeared to 

be more sensitive to strain rate sensitive. An empirical relation was also developed to predict 
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the dynamic compressive strength of the aluminum cenosphere based SFs [36-38]. Fiedler et 

al. addressed the dynamic analysis of low cost expanded perlite/aluminum (EP/A356) SFs 

under dynamic compressive loading conditions. Stresses were found to slightly increase at 

higher strain rates, indicating positive strain-rate sensitivity. The perlite particles had positive 

effect on the compression resistance at high loading velocities. A possible explanation was 

connected to the pressure built-up of the entrapped air within the particles, and the stabilization 

of adjacent metal struts [39]. Mondal et al. assessed the deformation response and energy 

absorption characteristics of closed cell aluminum-fly ash particle composite foams under 

compressive loading conditions at different strain rates (from 10
−2

 to 10
1
 s

−1
). The influence of 

strain rate on the deformation responses was found to be very marginal; the strain rate 

sensitivity was measured to be very low (0.02–0.04) when the foam relative density was greater 

than 0.1, while it was found to be negative when the foam relative density was less than 0.1 [40, 

41]. Lehmhus, Peroni et al. studied the mechanical behavior of syntactic foams made of glass 

microspheres mixed in an iron matrix. Different types of foams were investigated varying the 

strength of the glass and its weight percentage content. The experimental characterization was 

performed by means of compression tests at three different strain-rate levels. The results 

showed that the strain-rate behavior of the foams was mainly governed by the matrix. ItThis was 

justified (based on the experimental results), that after the plateau in the densification region, 

the curves seem to remain parallel to each other [42-44]. Rabiei et al. produced steel–steel and 

aluminum–steel composite metal foams (CMFs) with different sphere sizes by standard powder 

metallurgy and gravity fed casting techniques. When comparing the specific energy absorption 

of the CMFs at 50% strain of the same loading rates, the smaller 2.2 mm sphere CMF absorbed 

about 30% more energy than the larger 5.2 mm sphere CMF at high loading rates. As the 

loading rate increased, a consistent improvement of the yield strength of the material was also 

observed [45-47]. 

All these previous works, reveal useful information about the dynamic compressive properties of 

specific grade foams. However, the effect of the chemical composition of the metallic matrix and 

of heat-treatment were not reported. Therefore the aim of the present paper is to extend the 
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available data about regarding the quasi-static and dynamic compressive properties of MMSFs 

with based on different matrices and different heat-treatment conditions. 

 

2. Materials and experimental methods 

2.1. Investigated materials and production 

The investigated MMSFs were produced by the combination of commercially available 

aluminum alloys (Al99.5, AlSi12, AlMgSi1 and AlCu5) and Globocer grade ceramic hollow 

spheres provided by Hollomet GmbH [10]. The nearest ASM equivalent, the nominal chemical 

compositions, the ultimate tensile strength (UTS) values (in solution treated state, for 

comparison) and the melting point (Tmelting) of the applied aluminum alloy matrix materials are 

listed in Table 1. The composition was measured by an EDAX Genesis energy dispersive X-ray 

spectroscope (EDS) and only the significant elements are tabulated. The reinforcement, 

consisting of ceramic hollow spheres were made of the combination of Al2O3 (33 wt%), 

amorphous SiO2 (48 wt%) and mullite (3Al2O3∙2SiO2, 19 wt%) as measured by XRD and EDS. 

The true (particle) density of the hollow spheres was 0.816 gcm
-3

, and their average diameter 

and wall thickness was Ø1444±79.9 μm and 58.0±3.21 μm respectively. Here, the volume 

fraction of the hollow spheres on each manufactured MMSF was maintained at ~65 64 vol%; 

typical for randomly close packed structure [48, 49]. 

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

technique. In this process the molten matrix alloy was squeezed in between the ceramic hollow 

spheres. Here, aA carbon steel mold was coated with a thin carbon layer, and filled up to half 

height with the hollow spheres. The carbon layer ensured the easy removaling of the 

producedmanufactured MMSF block after the iinfiltration processting. An (Al2O3) insulator layer 

was placed on top of the spheres; t. The role of this layer was to separate the matrix materials 

from the spheres during the first part of the infiltrating procedure. Finally, an aluminum block 

(which acted as the matrix material) was placed into the container.  and two thermocouples (for 

temperature control), were placed into the container. SubsequentlyThen, the  prepared and 

filled mold  was placedput  into the pressure infiltration chamber, and . In the chamber, vacuum 

or gas pressure can be generated. Argon (Ar) gas was used to provide the required threshold 
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pressure for  infiltrating. During the first part of the infiltration procedure, heating began, and a 

rough vacuum were was applied, and.  once tThe melted matrix metal formeded a liquid cork 

above the reinforcement, the . Then Ar gas was let flow into the chamber and pressure waswas 

increased to a previously set value. The generated pressure difference above and under the 

liquid metal cork enforced induced the metal to infiltrate into the reinforcement throughacross 

the insulator layer. The casting temperature and pressure of the MMSF blocks was set to Tmelting 

+ 50°C and 400 kPa respectively, while the infiltration time (during which the infiltration pressure 

was maintained) was set to 10 s. During the manufacturing process, the infiltration parameters 

were continuously monitored by a computer controlled data acquisition system. After the 

injection of the molten matrix, the mold was cooled, and the MMSF block removed for 

machining. For further details about the production phase, please refer to [50, 51]. 

After the production, the density and the porosity of the produced blocks were 

investigatedconsidered. The theoretical density (ρT) can bewas calculated from the density of 

the constituents (ρS and ρM for the hollow spheres and for the matrix, respectively) and from the 

volume fraction (VS) of the hollow spheres (Eq. 1). 

                 eq. 1. 

On the other hand,, the real densities (ρR). of each block were also measured by the 

Archimedes’ method, and  (ρR). According the porosities, the porosity in the samples, introduced 

by the hollow spheres (PS) can bewas calculated by Eq. 2. 

      
 

 
 
 

 eq. 2. 

where r and R are the inner and outer radii of the hollow spheres, respectively. Additional 

porosity may also exists in the matrix of the blocks, due to the possibility of insufficient infiltration 

pressure. This, unintended porosity (PU) can bewas determined by Eq. 3. 

         
     

  
 eq. 3. 

Due to the nature of liquid pressure infiltration (64 vol%, homogeneous distribution of hollow 

spheres, isotropic properties) the density can be considered homogeneous and valid for all 

specimens. All these calculated and measured values mentioned above are listed in Table 2. 

Here, tThe unintended porosity had negative values shown in the unintended porosity indicate 
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that  that means a part of the hollow spheres wasere infiltrated and consequently, the therefore 

decreased the total porosity (PT) decreased. 

All of the specimens were homogenized (‘-O’ tag at the end of the specimens’ designation) at 

520°C for 30 min. The specimens were cooled in water, and the compression tests were 

performed immediately after the homogenization process, to avoid any cold aging effect 

(especially in the case of the AlCu5 matrix). The AlMgSi1 and AlCu5 specimens were also 

tested in an aged condition (‘-T6’ tag in the designation), involving a 14 hours long aging 

process at 170°C (followed by water cooling) just after the homogenization stage. Again, the T6 

treated specimens were investigated immediately after the aging process. 

 

2.2. Experimental 

Cylindrical specimens with the dimensions of Ø12.7 mm for the quasi-static and the high strain 

rate compression tests were machined from the produced MMSF blocks. The aspect ratio of the 

specimens was H/D=1 in all cases, and the specimens were heat-treated, following the 

aforementioned homogenization or T6 treated process.  

The quasi-static compression tests were performed on a MTS 810 type universal testing 

machine in a four column tool at room temperature. The surfaces of the tool were grinded and 

polished. The specimens and the tool were lubricated with anti-seize material. The average 

strain rate was 0.01 s
-1

, which ensured quasi-static compression. Six specimens were 

compressed from each specimen group, up to 50% engineering strain to get representative 

results and to verify repeatability (overall, 36 specimens were tested). The tests were performed 

and evaluated according to the ruling standard of compression tests on cellular materials [28]. 

The high strain rate compression testing was conducted using a split-Hopkinson pressure bar 

(SHPB). Both the incident and transmission bars were made of a C-350 maraging steel with a 

Young’s modulus of 195 GPa. The length and diameter of the bars were 1.8 m and Ø19.05 mm 

respectively. Strain gauges were placed at an equal distance away from the sample on both the 

incident and transmission bar to collect the pulse signals. The generated pulse signals were 

initially acquired through a signal conditioning amplifier and collected by a PicoScope 

oscilloscope. A 76.2 mm long striker bar was projected at the incident bar using a pressure 
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chamber filled to either 138 or 552 kPa. These incident striking pressures resulted in averaged 

strains rate of 933 s
-1

 and 2629 s
-1

 respectively. The stresses, strains, and strain rates were all 

calculated by a proprietary REL’s SurePulse software. The maximum stress value was taken 

from the highest recorded stress value of the stress-strain curve for each sample, and the 

compression modulus was determined by the slope of the first 1000 data points recorded. 

Seven specimens were compressed from each specimen group to attainget representative 

results and to verify repeatability (overall, 42 specimens were tested). 

To investigate the failure mechanisms, cross-section of the tested specimens were examined. 

The compressed specimens were cut into two halves along their axis, mounted into a resin, and 

grinded on an automatic grinding and polishing machine with SiC papers and diamond 

suspension, respectively [52-54]. 

 

3. Results and Discussion 

3.1. Mechanical properties 

During the compressive tests, the loading force and the deformation were registered from which 

the engineering stress-engineering strain curves for the quasi-static and for the high strain rate 

loading were calculated and plotted. Fig. 1 shows the typical engineering stress- engineering 

strain curves for quasi-static and for high strain rate cases (Al99.5-O;, note the similar stress, 

but different strain scales on the corresponding axes). In the case of compressive loading of 

cellular materials, the characteristic properties are particularly defined in well-known standards 

[28]. The initial slope of the registered curves corresponds to the structural stiffness (S (MPa)). 

The two main strength properties are the yield strength at 0.2% plastic strain (σY (MPa)) and the 

compressive strength (σC (MPa)). In the case of Globocer reinforced MMSFs atnd quasi-static 

conditions, these strength values are relatively close to each other, while in the case of higher 

strain rates, the difference is larger. The fracture strain (εC (%)) is defined as the abscissa of the 

first local peak (compressive strength) in the engineering stress- engineering strain curve. 

Another important properties are the fracture energy (WC (Jcm
-3

)) and the overall absorbable 

mechanical energy (W (Jcm
-3

)) during the loading process (W (Jcm
-3

)) that could be calculated 
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as the area below the registered curve up to the fracture strain, and to the end of the test, 

respectively. 

The compressive strength values of the investigated MMSFs are plotted in Fig. 2 as the function 

of the matrix material, the heat treatment, and the strain rate. The figure shows that the 

compressive strength of the unalloyed and homogenized MMSF (Al99.5-O) is was lower than  

that recorded by thein the case of MMSFs with alloyed matrix based alloys. Hence, ;. This 

suggests that the compressive strength of MMSFs of the MMSFs, can be effectively increased 

by alloying the matrix material. This phenomenon was consistentd on the three investigated 

strain rates here investigated. The figure also shows the effect of Mg-Si (~2 wt%) and Cu (~4.5 

wt%) alloying  which resulted in a more pronounced compressive strength increment than their 

counterpartpure Si alloying. Here, it seems that aA relatively small amount of Mg-Si or Cuthem 

alloying was sufficient to reach the same increment as it was ensured by the ~13 wt% Si. In the 

quasi-static conditions, the T6 treatment of the material was also effective and ensured resulted 

in a ~40% and ~20% increment in the case of Mg-Si and Cu alloying, respectively. At higher 

strain rates, the increment became smaller (~10%) in the case of Mg-Si, and larger (up to 

~40%) in the case of Cu alloying. Compared to the Al99.5-O MMSFs, the compressive strength 

was significantly increased by the strain rate;, the average increment was ~20% and ~45% in 

the case of 933 s
-1

 and 2629 s
-1

 strain rates, respectively. The sensitivity to the strain rate can 

be quantified by the strain rate sensitivity parameter (Σ) that is defined by eq. 41 [24, 29, 55]. 

  
     

  

 

   
   
   

 
 eq. 14. 

where σ is the stress at a given strain, σ* is the quasi-static stress, when the strain is 0.2% (σY), 

and    is the strain rate. The subscripts ‘d’ and ‘q’ stands for the dynamic and quasi-static 

loading, respectively. MMSFs can exhibit abrupt variations in stress during compression that are 

not seen in alloys or composites with monotonic behavior in theat low to moderate strains 

regions. Therefore the compressive strength was used in the calculations of Σ, even though 

these peak stresses occurred at slightly different strains. The applied values, and the calculated 

Σ parameters are summarized in Table 2 3 and plotted in Fig. 3. The strain sensitivity 

parameters were very low;, the largest strain rate sensitivity parameter (0.0752) was calculated 

in the case of technically pure Al alloy in the homogenized state at 2629 s
-1

. According to the 
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chemical composition of the matrix material, defined trends cannot be observed in the strain 

rate sensitivity parameters. However, the results based on the higher strain rate values resulted 

ingave systematically higher sensitivity parameters. 

The yield strength values of the investigated systems investigated are plotted in Fig. 4. Based 

on the yield strength results, tThe composition of the matrix hads the same effects as in the 

case of the compressive strength. However, the strain rate hads negligible effect on the 

homogenized alloyed and homogenized samples:. Here, the yield strength isremainianed within 

the scatter bands of the MMSFs. In contrast, thThe strain rate hads interesting effect in the case 

of T6 treated samples. At 933 s
-1

 the yield strength dropped  and the level of quasi- static yield 

strength were reached again at the significantly higher, 2629 s
-1

 strain rate. A possible 

explanation for this phenomena could can be found in the significantly different fracture 

mechanisms (see Section 3.2). 

The structural stiffness was also investigated, and plotted in Fig. 5. In quasi-static conditions, 

the alloying of the matrix, and the heat treatment have had the same effect on the structural 

stiffness as in the case of compressive strength. In contrast, at higher strain rates the structural 

stiffness became higher. In the case of the homogenized MMSFs, the stiffness values remained 

in a scatter band and, the difference between the two higher strain rates was negligible. 

Meanwhile, in the case of T6 treatment, the difference between the higher strain rates became 

significant, and higher stiffness values were measured in the case ofat the 2629 s
-1

 strain rate. 

As the main important deformation property, Tthe fracture strains were also measured and are 

shown in Fig. 6. The fracture strains were significantly (~50%) lower in the case of the higher 

strain rates, and no significant difference between the two high strain rates were observed. This 

can be explained based on the different fracture mechanisms which correspond to the different 

loading conditions. In the quasi-static loading case, the occurrence of fracture depended only on 

the relative strength of the constituents [29]. In contrast, in the case of dynamic loading, the 

short time impulse of the striking energy does did not allow any structural rearrangement in the 

composite, resulting in a different failure mechanism, e. g. brittle ruptures instead of plastic 

deformation (for further details see Section 3.2.). In the case of collision damping, and energy 

absorption aiming applications, the energy required to initiate the first cracks in the specimens (/ 
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parts) has to be considered. This fracture energy is in strong connection with the compressive 

strength and fracture strain (the limit of integration) of a component, and therefore, obeyeds  the 

combined trends of both (see Fig. 7). The ascending and descending trends in the case of 

compressive strength and fracture strains ( respectively) were compensated by each other, and 

the fracture energies became similar within the scatter bands offor the same MMSFs at every 

tested strain rate. Fig. 7 shows that the T6 heat-treated sample yielded the highest fracture 

energy, through their correspondingly higher and more beneficial compressive strengths – 

fracture strain pair. During the testing process, when the fracture energy was reached, the 

specimen showed a macroscopic failure as it is detailed in Section 3.2. However, the specimens 

remained intact and more deformation energy could have been absorbed. ;, Tthese 

corresponding absorbed energies are plotted in Fig. 8. In Fig. 8 the absorbed energies (the 

areas under the engineering stress – engineering strain curves, determined by numerical 

integration up to the end of the compression) are not completely comparable in the case of 

different strain rates, because the ends of the deformation process are not the same. In the 

quasi-static conditions, the compression was continued up to 50%, and the specimens 

remained intact. In this case, the effect of matrix material was clearly distinguished. However, t;, 

the T6 treatment seems to bewas relatively slightly beneficial. , but remained altered in the 

scatter bands only. At higher strain rates the ending strain values of the compression were 

determined by the process itself. After the impact, the whole curves were registered and plotted 

as showed in Fig 1b. In the case of increased loading rates the absorbed energies were 

significantly higher (at least three times higher) at 2629 s
-1

 compared to the tests at 933 s
-1

, due 

to the larger ending strain values caused by the larger impact energy. Due toBecause of the 

discrepancies in the end limit of the integration process, detailed above, and in order to correctly 

compare and evaluate the effects of matrix composition and heat treatments, Fig. 9a and Fig. 

9b were was constructed. Fig. 9a and Fig. 9b shows the overall absorbed energy calculated at 

the lowest end strain measured for each high strain rate condition, respectively. The end strains 

of each high strain rate are listed in Table 34. The lowest end strains were measured in the 

case of Al99.5-O MMSF. These values (2.45% and 8.12% at 933 s
-1

 and at 2629 s
-1

, 

respectively) were applied as the upper integration limits in for the calculation of comparable 
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absorbed energies (including the quasi-static tests). Fig. 9 clearly shows the difference in the 

loading rates. Based on the 2.45% end limit (Fig. 9a) the higher strain rates ensured absorbed 

energies at least two times higher than that displayed at the quasi-static strain rate. Similar 

results were observed in the case of 8.12% based comparison (Fig. 9b), where the smallest 

increment was about 150 Jcm
-3

. 

 

3.2. Failure mechanisms 

To investigate the failure mechanisms, cross-section of the tested specimens were examined. 

The compressed specimens were cut into two halves along their axis, mounted into a resin, and 

grinded on an automatic grinding and polishing machine with SiC papers and diamond 

suspension, respectively. The main parameters of the process are summarized in Table 4 (for 

further details refer to [52-54]). Regarding failure mechanisms, the different matrices the several 

MMSFs investigated, they had very similar fracture scheme, only the loading rate had significant 

effect on the fracture mechanism. In Fig. 10 the failure steps of an Al99.5-O specimen is shown 

presented at different strain values. Fig. 10a shows the cross section of the specimen after 2% 

plastic deformation, where there were no broken hollow spheres (,. T the specimen was 

absolutely intact), showing proving that the initial plastic deformation was originatedis from the 

plastic deformation of the matrix material. Due to the ~645 vol% of the reinforcement, small 

displacements between the hollow spheres were possible by the deformation of the matrix 

between the hollow spheres (the maximal volume fraction of reinforcement would be 74 vol% in 

the case of spheres with the sameidentical outer diameter). Fig. 10b represents the specimen 

after 30% plastic deformation. A well-defined band with broken spheres can be observed in the 

middle of the specimen. The spheres were broken in this region and some a few of them were 

completely collapsed. Some barreling due to the friction between the specimen and the tool’s 

plates is also observable. After further compression, the whole specimen deformed (Fig. 10c), 

and the deformation and the failure were diffuse. Due to the gradual nature of the failure, large 

amounts of mechanical energy were absorbed during the whole process (Fig. 8). 

In Fig. 11 the homogenized, Al99.5-O based MMSF is presented after testing at 933 s
-1

 loading 

rate. Some significant differences can be observed in Fig. 11 after 2.45% plastic deformation 
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(see Table 34) compared to the specimens tested in the quasi-static condition. First, while ~2% 

deformation caused no cracks in the quasi-static condition, all of the hollow spheres exhibited 

ruptures in their walls at 933 s
-1

 loading rate. The arrows in Fig. 11 point out some of the most 

obvious cracks that have had occurred in the ceramic microspheres. Moreover these ruptures 

are were parallel to the loading direction. This phenomenon refers to some additional radial 

forces caused by some kind of constrain in the deformation (due to the friction between the 

loading bars and the specimens). Considering this, and the sudden, but relatively low energy 

loading rate (compared to the higher loading rate), the hollow spheres remained spherical. In 

the magnified images (Fig. 11b and 11c) it was observed some cracks were observed in the 

matrix between the hollow spheres (designated by ellipses in Fig. 11b and 11c). These cracks 

appear to have be initiated from the brittle cracks of the hollow spheres (see right side ellipse in 

Fig. 11c), presumably due to the enlarged gas pressure inside the hollow spheres as suggested 

by Rabiei et al., but infor the case of steel hollow sphere consisting CMFs [46]. The cracks 

stopped in the matrix material or reached a neighboring hollow sphere and decayed in the 

interface between the sphere and the matrix material. 

In Fig. 12 the Al99.5-O matrix syntactic foam is shown after the highest strain rate compression 

(at 2629 s
-1

) up to 8.12% deformation. Due to the higher impact energy of the compression test, 

the deformation is was significantly larger. The hollow spheres are were completely broken and 

either flattened or slipped along some main large, almost linear cracks. ., and iI In some cases, 

the specimens were separated into two or three parts along these cracks (Fig. 12a). Most of the 

hollow spheres were broken into numerous particles that have had been removed from their 

original cavities during the grinding and polishing sequence, leaving dark pores in Fig. 12a. A 

Two specific examples for the broken hollow spheres areis shown in Fig. 12b and 12c. The 

cracks between the neighboring hollow spheres were significantly larger and wider due to the 

larger pressure caused by the sudden and relatively large deformation. 

Due to the extensively various matrix materials and hollow sphere grades it is not an obvious 

task to compare the results of the present paper to the data available in the literature. However, 

some data is listed in Table 5, to – at least – situate the present materials amongst the foams of 

other research groups in the compressive strength point of view.Due to the large number of Formatted: Font: Arial, 10 pt, Not

Italic
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matrix materials and hollow sphere grades reported in the literature, it is not an obvious task to 

compare these results against other works. However, some efforts have been made on this 

field, and a literature data has been listed in Table 5, to situate the investigated materials 

amongst the MMSFs from other research groups. This comparison has been performed from 

the compressive strength point of view 

 

4. Conclusions 

From the detailed and discussed investigations the following conclusions can be drawn. 

 The engineering stress – engineering strain curves for quasi-static and high strain rate 

conditions are significantly different in the case of the investigated MMSFs, however the 

curves can be effectively analyzed by the application of the same (and standardized) 

characteristic properties. 

 The strain sensitivity values of the investigated MMSFs are very low and originated from 

the similar sensitivity of the matrix materials. 

 The chemical composition of the matrix material, the applied heat treatment and the 

loading rate have different, but significant effects on the characteristic compressive 

properties of the MMSFs. Considering the combined effect of these parameters, the 

compressive properties of the MMSFs can therefore be varied within relatively wide 

ranges and can be tailored for individual the requirements of given applications. 

 The failure modes in quasi-static and dynamic conditions were also different. In the 

case of quasi-static loading, a slow and diffuse compression of the specimen was 

observed. The hollow spheres were broken and flattened, the matrix material deformed 

plastically and the specimen remained intact. In the case of higher loading rates (933 s
-

1
) the nature of the failure changed, due to the restricting effects of the material during 

the sudden loading. Here,, the hollow spheres ruptured linearly. In the case of the 

highest loading rates (2629 s
-1

) the hollow spheres were cracked into many pieces, and 

the specimens broken into two or three large pieces. 

 In the case of higher loading rates, cracks were initiated from the brittle ruptures of the 

hollow spheres, due to the high gas pressure in the spheres caused by the large plastic 
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deformation. The cracks propagated into the matrix material, or reached the 

neighboring hollow spheres and decayed in the interface layer. In the case of a higher 

loading rate (2629 s
-1

), larger and wider cracks were observed compared to the lower, 

but still dynamic loading rate of (933 s
-1

). 
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Figure captions 

Fig. 1. Typical engineering stress- engineering strain curves of Al99.5-O MMSF for (a) quasi-

static and (b) high strain rate loading 

Fig. 2. Compressive strength of the investigated MMSFs 

Fig. 3. Strain rate sensitivity of the investigated MMSFs 

Fig. 4. Yield strength of the investigated MMSFs 

Fig. 5. Structural stiffness of the investigated MMSFs 

Fig. 6. Fracture strains of the investigated MMSFs 

Fig. 7. Fracture energies of the investigated MMSFs 

Fig. 8. Absorbed energy values of the investigated MMSFs, measured up to the end of tests 

Fig. 9. The absorbed energies of the investigated MMSFs measured up to (a) 2.45% and (b) 

8.12% end strains 

Fig. 10. Cross-sections of a quasi-statically loaded (0.01 s
-1

) Al99.5-O specimen at different 

strains: (a) 2%, (b) 30% and (c) 60% 
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Fig. 11. Cross-sections of an Al99.5-O specimen loaded at 933 s
-1

, (a) cross section of the full 

specimen, (b) and (c) magnified parts of the cross section (the loading was vertical) 

Fig. 12. Cross-sections of an Al99.5-O specimen loaded at 2629 s
-1

, (a) cross section of the full 

specimen, (b) and (c) magnified parts of the cross section (the loading was vertical) 
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Table 1. Properties of the matrix materials 

Matrix 
ASM 

equivalent 

Main component (wt%) UTS 

(MPa) 

Tmelting 

°C Al Si Fe Mg Cu Other 

Al99.5 Al1050 99.5 0.1 0.1 - - 0.3 75 660 

AlSi12 A413.0 86 12.8 0.1 0.1 - 1.0 115 575 

AlMgSi1 Al6082* 97 1.1 0.5 1.1 - 0.3 125 650 

AlCu5 Al2011 95 - - - 4.5 0.5 190 630 

*Closest equivalent, significant difference in Mn content that should be 0.4…1 wt%. 

Table 2.Density and porosity values of the produced MMSF blocks 

Matrix ρM (gcm-3) ρS (gcm-3) ρT (gcm-3) ρR (gcm-3) PS (%) PU (%) PT (%) 

Al99.5 2.71 

0.816 

1.50 1.83 

49.78 

-7.92 41.86 

AlSi12 2.65 1.48 1.78 -7.30 42.48 

AlMgSi1 2.70 1.49 1.80 -7.49 42.29 

AlCu5 2.81 1.53 1.84 -7.29 42.49 

 

Table 3. Strain rate sensitivity parameters 

 

 

Table 4. Average end strain of the investigated MMSFs 

 End strain at 0.01 s-1, 

εE@0.01 (%) 

End strain at 933 s-1, 

εE@933 (%) 

End strain at 2629 s-1, 

εE@2629 (%) 

Al99.5-O 

D
ef

in
ed

 b
y 

th
e 

te
st

, ε
E@

0
.0

1
=5

0
%

 2.45 8.12 

AlSi12-O 2.85 8.13 

AlMgSi1-O 3.01 8.86 

AlCu5-O 3.16 8.72 

AlMgSi1-T6 3.03 9.03 

AlCu5-T6 3.53 9.43 

 

ε d  (s-1) Material σCd  (MPa) σCq  (MPa) σ∗(MPa) Σ 

9
3

3 

Al99.5-O 75.7 55.1 52.7 0.0427 

AlSi12-O 101.3 88.4 101.7 0.0139 

AlMgSi1-O 110.6 78.4 65.8 0.0535 

AlCu5-O 106.4 100.5 104.7 0.0062 

AlMgSi1-T6 112.8 108.1 118.8 0.0043 

AlCu5-T6 135.4 121.5 140.4 0.0108 

2
62

9
 

Al99.5-O 95.4 55.1 52.7 0.0752 

AlSi12-O 141.2 88.4 101.7 0.0511 

AlMgSi1-O 122.1 78.4 65.8 0.0654 

AlCu5-O 124.4 100.5 104.7 0.0224 

AlMgSi1-T6 133.9 108.1 118.8 0.0214 

AlCu5-T6 173.0 121.5 140.4 0.0361 

Table(s)



Table 5. Literature data for the compressive strength and energy absorption capability of similar 

foams 

Matrix Filler 

Compressive 
strength (MPa) 

Energy 
absorption (Jcm

-3
) Ref. 

Q-S Dynamic Q-S Dynamic 

Cp-Al 

SL75 65 vol% (<75 μm) 

109 140@2300 s
-1

 55@60% - 

[29] Al7075-O 199 231@2300 s
-1

 - - 

Al7075-T6 229 248@2300 s
-1

 36@25% - 

Al4032 Fly-ash 5 vol% (44-106 μm) 254 

219@754 s
-1

 

- 

- 

[30] 
256@1293 s

-1
 - 

280@1629 s
-1

 - 
288@2136 s

-1
 - 

A356 SiCHS60 vol% (1 mm) 163 

124@940 s
-1

 

- 

- 

[23] 
[32] 

119@970 s
-1

 - 

125@1160 s
-1

 - 

123@1165 s
-1

 - 

121@1220 s
-1

 - 

119@1310 s
-1

 - 

130@1425 s
-1

 - 

125@1520 s
-1

 - 

A380 
Al2O3 40-50 vol% (0-0.5 mm) 165 160@1000 s

-1
 48@40% - 

[24] 
Al2O3 40-50 vol% (1-2 mm) 120 140@1000 s

-1
 39@47% - 

Al6061 Cenospheres 45 vol% (200 μm) 45 
48@2650 s

-1
 

18@47% 
28@43@2650 s

-1
 

[34] 
55@3350 s

-1
 33@43@3350 s

-1
 

Cp-Al 

Cenospheres 70 vol% (90 μm) 75 
108@1400 s

-1
 

27@40% 
- 

[35] 

114@3000 s
-1

 - 
119@5000 s

-1
 40@40%@5000 s

-1
 

Cenospheres 65 vol% (150 μm) 45 
65@2200 s

-1
 

17@40% 
- 

69@4400 s
-1

 - 
69@5000 s

-1
 29@40%@5000 s

-1
 

Al2014 

Cenospheres 34 vol% (90 μm) 184 

190@1 s
-1

 

56@30% 

56@30%@1 s
-1

 

[36] 
[37] 

195@10 s
-1

 50@30%@10 s
-1

 

197@420 s
-1

 - 

223@750 s
-1

 70@30%@750 s
-1

 

210@900 s
-1

 64@30%@900 s
-1

 

204@1400 s
-1

 60@30%@1400 s
-1

 

Cenospheres 35 vol% (200 μm) 161 

167@1 s
-1

 

51@30% 

51@30%@1 s
-1

 

187@10 s
-1

 50@30%@10 s
-1

 

206@750 s
-1

 63@30%@750 s
-1

 

197@1400 s
-1

 58@30%@1400 s
-1

 

A356 

Globomet 316~65 vol% (2.2 mm) 82 
88@1780 s

-1
 

41@50% 
43@50%@1780 s

-1
 

[45] 
[46] 
[47] 

87@1465 s
-1

 43@50%@1465 s
-1

 

Globomet 316 ~65 vol% (4 mm) 75 105@1431 s
-1

 37@50% 38@50%@1431 s
-1

 

Globomet 316~65 vol% (5.2 mm) 83 
90@1922 s

-1
 

5@10% 
10@10%@1922 s

-1
 

85@767 s
-1

 7@10%@767 s
-1

 

 

 


