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Abstract: In this investigation metal composite foams were produced by casting aluminum melt around hollow ceramic 
spheres arranged in steel meshes.  Metal composite foams with two types of ordered arrangements and relatively same 
density were produced and their mechanical properties were studied by compressive test.  Comparison of stress-strain curves 
shows that strength to density ratio and energy absorption per unit volume are significantly different. In each arrangement 
reproducibility achieved in curves behavior.  Arrangement can be used as a parameter in controlling the mechanical 
properties in specific direction and may be applied as parameter in energy absorber design. 
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I. INTRODUCTION 
 
Metal foams can be used in the core of sandwich panels, heat 
exchangers and other sectors such as automotive, aerospace and 
ship building industries [1, 2].  These materials are produced in 
different ways like melting and powder processes. Casting is a 
melting process for the production of metal foams [3-6]. A variety 
of parameters can improve their mechanical properties such as 
method of production [7], modification of cellular structure [8] and 
better distribution of the solid phase [9].  Mechanical performance 
of these foams is affected by cell size, cell shape and cell wall 
thickness, and hollow spheres are used to control these properties.  
Individual hollow spheres can be bonded together using low 
melting point metals such as aluminum, and the interstitial space 
between hollow spheres is infiltrated by molten metal. Following 
the same procedure metal composite foams can be produced [3, 4].  
The hollow spheres may be packed in some ordered or random 
configurations.  To our knowledge up to now, previous 
experimental studies in metal composite foams with hollow 
spheres have been done in random arrangements [3, 4].  Although 
metal composite foams with ordered arrangement structures have 
been investigated by modeling and finite element method [10, 11], 
it is indeed difficult to manufacture them and even more difficult to 
characterize them. In this study, metal composite foams were made 
using hollow ceramic spheres with ordered configurations.  The 
hollow ceramic spheres were arranged and held together by steel 
meshes during casting.  Two sets of composites with different 
configurations were manufactured by casting and investigated by 
monotonic compressive tests.  Compressive tests were done in the 
direction perpendicular to the steel mesh arrangement. The stress-
strain behavior, energy absorption, energy absorption efficiency 
were also investigated.   

 
II. EXPERIMENTAL 
 
2.1. Materials 
 

 
Table 1: Chemical composition (wt %) of aluminum 356 

Hollow ceramic spheres that were used to produce metal composite 
foams were made from a refractory powder and sodium silicate 
binder.  The refractory powder is an aluminosilicate with 
60wt% Al O , 35wt% SiO  and balance of Fe O ,  TiO ,  K O.  The 
refractory powder is gray, has a density of 2.7 g/cm and pH of 7.2.  
The sodium silicate binder consists of 40wt% dry sodium silicate 
(Na . 2SiO ) and 60wt% water.  It is readily available and can 
withstand up to 900℃.  The steel mesh used is made from low 
carbon (0.12%) steel wire 200μm in diameter.  Steel mesh layers 
were applied to hold the arranged ceramic hollow spheres together 
for structural stability during casting.  Aluminum alloy 356 was 
used as matrix for its low density, high relative strength to density, 
low temperature melting point and good casting properties.  
Chemical composition of aluminum 356 is shown in Table 1.  
Expanded polystyrene spheres (EPS) were used for producing 
hollow ceramic spheres. 
 
2.2. Hollow ceramic sphere production process 

 
Fig. 1: Actual and schematic representations of A and B hollow 

ceramic sphere arrangements 
 

Hollow ceramic spheres were made in a process similar to the 
production of ceramic shells in investment casting.  The EPS were 
coated as follows.  A ceramic slurry was prepared by mixing 
15wt% liquid sodium silicate, 20wt% water and 65wt% ceramic 
refractory powder.  The complete coating cycle consists of dipping 
the EPS into the ceramic slurry, draining off excess slurry, and 
applying aluminosilicate powder as refractory stucco and placing 
the samples on a flat surface and allowing the coating to dry.  This 
sequence is repeated until a shell of adequate thickness is achieved.  
Usually by applying three or four coating layers, the thickness of 
shell with enough strength is gained.  After the coating step but 
prior to complete drying, the shells were rubbed in between two 
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parallel surfaces to make them fully spherical.  For final drying, the 
ceramic shells were held in the ambient condition for 24 hours.  
For the curing step, the ceramic shells were heated to 800℃ in a 
furnace.  At about 240℃, the EPS melt and exit through the 
porosity of the ceramic shells.  Sodium silicate is used as a bonding 
material in this process [12].  Outside diameter of the hollow 
spheres was between 5.4mm to 5.6mm. The average outside 
diameter and shell thickness was around 5.5mm and 250μm, 
respectively.In order to hold hollow ceramic spheres in the desired 
ordered arrangement during casting, thin wire steel meshes were 
used, causing a distance of about one millimeter in between the 
spheres.  Two ordered arrangements were chosen: simples 
tetragonal (A) and body center tetragonal (B).  Hollow ceramic 
spheres and meshes were molded layer by layer and in two 
arrangements the number of hollow ceramic spheres in each layer 
is same almost without overlapping between layers that caused in 
two arrangements the number of hollow ceramic spheres in volume 
were same.  The two actual and schematic ordered arrangements 
are shown in Fig.1. 
 
2.3.Casting 
Aluminum was heated to 720℃ in a graphite crucible placed in an 
electric resistance furnace prior to casting.  The casting mold was 
preheated in a furnace up to 400℃. 

 
2.4.Sample preparation and testing 
SEM samples were prepared by cutting and grinding.  Compressive 
test samples were cut and sized to 5 x 5 x 5 cm as shown in Fig. 2.  
These dimensions assured a ratio of sample size to cell size of 
about 8 so that the effect of cell size on compressive test becomes 
irrelevant [13]. Compressive tests were performed using D model 
of (Waltwr+Blag) compressive testing machine.  The head speed 
was 1.5mm/minute.  Interfaces/interphases between composite 
components were studied by MV2300 scanning electron 
microscope and energy dispersive x-ray spectroscopy.  

 

 
Fig. 2: A metal composite foam sample with 5 cm dimension in 

all three directions. 
 
 

III. RESULTS AND DISCUSSION 
 
3.1. Mechanical testing 
 
Results of compressive tests in arrangements A and B are 
illustrated in Figs. 3 and 4, respectively.  In all stress-strain 
diagrams a liner elastic region is identified.  In arrangement A, 
elastic region shows excellent coincidence; while there is less 
coincidence in arrangement B.  Fig. 5 compares the stress-strain 
diagram of one sample of each arrangement.  Complete  A good 
correspondence in the slope of  liner elastic region is noteworthy, 
indicating that cell walls properties are relatively the same, elastic 
regain effects of elastic bending of cell walls  as was observed by 
Gibson [14].   
 
On the other hand, plastic regions exhibit significant differences 
between the two samples.Difference between peak stresses in the 
two arrangements is very large; in arrangement (A) average peak 
stress is 82.92MPa while it is 50.01MPa in arrangement (B).  In 
metal composite foams failure starts at the weakest points [15].  
The large difference between yield stresses of the two 

arrangements indicates that in the direction of compressive test, 
there are more weak points in B composites than in A.  The ratio of  
strength to density is an important parameter in elastic design.  
Samples with arrangement A have higher ratio of strength to 
density compared to another reported study [3].  As shown in Fig. 
6, in arrangement A, after the initial peak, stress decreases 
continually to a minimum quantity.  This is due to the continuous 
collapsing of all cells and hollow spheres.  After the minimum (all 
spheres have collapsed), the stress increases and densification 
region begins at about 4.5 strain. Behavior of arrangement A foams 
under compressive test is very similar to elastic-brittle foams and 
even more to elastic-brittle honeycomb [14].  In arrangement B, 
after the initial peak stress, the material strains with wavy behavior 
and densification region begins at about 5.5 strain.  Stress-strain 
behavior in arrangement B is relatively similar to that of elastic-
plastic foam [14].    

 

 
Fig. 3: Stress-strain curves of metal composite foams with 

arrangement A. 
 

 
Fig. 4: Stress-strain curves of metal composite foams with 

arrangement B. 

 
Fig. 5: Comparison between stress-strain curves of samples 

with arrangements A and B 
 
In the plastic region, however, they look different as shown in Figs. 
4 and 5.  It is obvious that the coincidence of the linear region no 
longer exists in the plastic region but in each arrangement total 
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curves behavior are almost same.  Results indicate that the 
fabrication method used in this investigation can reproduce ordered 
metal composite foams with almost identical stress-strain behavior.   
 
The cause of non-uniformity within the curves each arrangement in 
the plastic region may be attributed to such parameters as defect in 
hollow spheres ordering, inadequate penetration of the melt 
between hollow spheres, variation in the outer diameter of hollow 
spheres and microstructural defects.  After the initial peak stress, 
the stress drop ratio, R , was determined using Eq. (1), [16]: 
 

R =∆ ∗(1) 
 

Whereσ∗the initial is peak stress and ∆σ is the difference between 
initial maximum stress and minimum stress as shown in Fig. 6.  In 
arrangement A, ∆σ is between 33.11 MPa and 42.38 MPa and R  
is between 0.39 and 0.5, while in arrangement B, ∆σ is between 
6.98 MPa and 10.87 MPa and R  is between 0.13 and 0.20. By 
comparing ∆σ for the two arrangements, very high stress dropping 
in arrangement A is evident.  Since the flat plateau region is a 
parameter indicative of good energy absorption material, the 
samples with arrangement B (but not arrangement A) show this 
property relatively well with values estimated between 44.14MPa 
and 48.99 MPa, and an average of 47 MPa.  Energy absorption per 
unit volume was determined by integrating the stress-strain curves 
in compressive test, using Eq. (2): 

 
W= ∫ σ(ε) dε                                                   (2) 

This energy absorption versus strain is shown in Fig. 6.  In 
arrangements A and B the average energy absorption at strain of 
4.5 is estimated to be 26.73MJ/m  and 20.91MJ/m , respectively.  
The energy absorption versus strain is shown in Fig. 6.  These 
diagrams indicate that in all strains, energy absorption in 
arrangement A is more than in arrangement B.   

 

 
Fig. 6: Effect of hollow ceramic spheres arrangement on energy 

absorption 
 

Moreover, the energy absorption efficiency, η, is another parameter 
for evaluating energy absorption in materials of interest.  As shown 
in Eq. 3, it is the ratio of the quantity of energy absorption in the 
material of interest to that of an ideal energy absorber material at 
the same strain.  Ideal energy absorber materials have perfect 
plastic behavior [2].  
 

η= 
∫ ( ) 

 
                  (3) 

 
In Eq. 3, σ  is the highest stress occurring up to the strain ε.  
Results versus strain are shown in Fig. 7. 

 
By considering the diagrams in Fig. 7, it is observed that (contrary 
to the energy absorption in all strains) the energy absorption 
efficiency in arrangement A is less than in B for all strain values.  
There are reasons for this difference.  In the stress-strain diagrams 
(Figs. 3-5), for almost all strain levels, the stress in arrangement A 
is higher than in B causing energy absorption in arrangement A to 
be higher than in B.  However, the high R  values in arrangement 

A have caused that energy absorption efficiency in arrangement A 
to be less than in B [17].  In both arrangements A and B, the energy 
absorption efficiency increases to a maximum.  In arrangement A, 
after the maximum efficiency at about 0.12 strain, it begins to 
decrease steadily.  On the other hand, in arrangement B once it 
reaches the maximum at about 0.08 strain, the energy absorption 
efficiency remains relatively constant.  The maximum values for 
the energy absorption efficiency in arrangements A and B are 85 
and 91, respectively.  When a metal foam possessing a certain 
energy absorption is to be considered for a specific application 
below its critical stress level, its stress-strain behavior becomes so 
important that it has been proposed be used as a criterion in energy 
absorption design.  Consequently, after selecting the desired 
density, an appropriate foam is selected [18].   

 
Fig. 7: Effect of hollow ceramic spheres arrangement on energy 

absorption efficiency 
 
On the other hand, density itself may be used as a criterion for 
design due to its significant effects on stress-strain behavior.  And 
thus this subject was verified in this investigation by changing the 
ordered arrangement of the hollow ceramic spheres.  For 
comparison, on the stress-strain curves of the two arrangements A 
and B equivalent absorption energies (W  = W ) are indicated as 
illustrated in Fig. 8.  It is evident that, compared to arrangement A, 
the arrangement B samples absorb the same amount of energy in 
less stress but more strain due to lower yield strength.  Therefore, 
arrangement B is a good candidate (and arrangement A is not) for 
any a specific applications where sample should absorb energy 
value of (W  = W )  and stress should be below the critical stress 
level such as σ∗ shown in Fig. 8.  Moreover, it may be concluded 
that "arrangement of cells" may be applied as a parameter in 
energy absorber design.   

 

 
Fig. 8: Equivalent absorption energy in two various 

arrangements 
 

CONCLUSIONS 
 
Two various arrangements of ordered structure metal composite 
foams with relatively same density were fabricated.  Results 
indicate that the fabrication method used in this investigation can 
reproduce ordered metal composite foams with almost identical 
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stress-strain behavior.  Compressive test results indicate that the 
type of arrangement can significantly affect the mechanical 
properties of these foams.  Hollow ceramic spheres arrangement 
the cell arrangement can be used as an important parameter for 
controlling the mechanical properties in these composites.  In the 
arrangements A and B, the behavior of stress-strain diagrams is 
similar to elastic-brittle foams and elastic-plastic foams, 
respectively.  Arrangement A samples show high strength to 
density ratio without flat plateau region, while those of 
arrangement B have plateau region with a wavy behavior and high 
energy absorption efficiency.   
 
REFERENCES 

 
[1] Banhart J. Manufacture, characterization and 

application of cellular metals and metal foams. Prog 
Mater Sci 2001; 46: 559-631. 

[2] Digischer HP, Kriszt B. Handbook of cellular metal: 
production, processing, application, wiley-vch; 2002. 

[3] Rabiei A, O’Neill AT. A study on processing of a 
composite metal foam via casting. Mater Sci Eng A 
2005; 404:159-164. 

[4] Vendra LJ, Rabiei A. A study on aluminum-steel 
composite metal foam processed by casting. Mater Sci 
Eng A 2007;465:59-67 

[5] Berchem K, Mohr U, Bleck W. Controlling the degree 
of pore opening of metal sponges, prepared by the 
infiltration preparation method. Mater Sci Eng A 
2002;323:52-57. 

[6] Chou KS, Song MA. A novel method for making open-
cell aluminum foam with soft ceramic balls. Scr Mate 
2002;46:379-382. 

[7] Simobe AE, Gibson LJ. Aluminum foams produced by 
liquid-state processes. Acta Mater 1998;46:3109-3123,.  

[8] Miyoshi T, Itoh M, Mukai T, Kanahashi H, Kohzu H, 
Tanabe S, Higashi K. Enhancement of energy 

absorption in a closed cell aluminum by modified of 
cellular structures. Scr Mater 1999; 41:1055-1060. 

[9] Simone AE, Gibson LJ. Effects of solid distribution on 
the stiffness and strength of metallic foams. Acta Mater 
1998; 46: 2139-2150.  

[10] Sanders WS, Gibson LJ. Mechanics of hollow sphere 
foam. Mater Scie Eng A 2003;347:70-85. 

[11] Sanders WS, Gibson LJ. Mechanics of BCC and FCC 
hollow-sphere foams. Mate Scie Eng A 2003; 352:150-
161. 

[12] ASM Handbook, volume 15, casting, fourth printing 
(1998). 

[13] Andrews EW, Gioux G, Onck PGibson LJ. Size effect 
in ductile cellular solids. Part II: experimental results. 
International Journal of Mechanical Sciences 
2001;43:701-713.  

[14] Gibson LJ. Modeling the mechanical behavior of 
cellular material. Mater Sci Eng A 1989; 110:1-36. 

[15] Olurin OB, Fleck NK, Ashby MF. Deformation and 
fracture of aluminium foams. Mater Sci. Eng A 2000; 
291:136–46. 

[16] - Mu Y, Yao G, Luo H. Effect of cell shape anisotropy 
on the compressive behavior of closed-cell aluminum 
foams. Mater Design 2010;31:1567–1569 

[17] Yu H, Guo Z, Li B, Yao G, Luo H, Liu Y. Research 
into the effect of diameter of aluminum foam on its 
compressive and energy absorption properties. Mater 
Sci Eng A 454-455 (2007) 542-546. 

[18] Maiti SK, Gibson LJ, Ashby MF. Deformation and 
energy absorption diagrams for cellular solid. Acta 
metal 1984; 37(11): 1963-1957. 

 
 
 
 
 
 

 
 
 
 
 

 
 

 


