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“When modern man builds large load-bearing 
structures, he uses dense solids, steel, concrete, glass. 

 
When nature builds large load-bearing structures, she 

generally uses cellular materials: wood, bone, coral. 
There must be a good reason for it” 

 
M.F. Ashby 
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1. Introduction 

Metal foams belong to the most challenging materials developed recently. A number 
of manufacturing technologies for foamed metals have been developed, mostly based on 
empiricism instead on a profound scientific knowledge. Despite their quality improvement in 
the last 10 years the resulting metal foams still suffer from non-uniformities and other 
deficiencies. 

The first metal foam from CYMAT was shown me by Prof. Bárczy in 1998. At that 
time my students and I started to learn about aqueous foam stability and heat conductivity of 
polymeric foams. Under my supervision three student-research-works [1, 2, 3] and two 
diploma works [4, 5] have been executed on aqueous, polymeric and metal foams. In 2000 
and 2001 – as an AMTT user – I carried out measurements of metallic foam heat conductivity 
and oxide layer examination by TEM at ARC Seibersdorf, Austria. In September 2001 I 
became the leader of a new “foam stability” project with financial support of LKR, Austria. 
The project is strongly related to industrial development under a confidentially agreement. 
Since that time I partly worked in Austria with Prof. Degischer and partly in Miskolc and I 
had the fortune to experience both the phenomenon (academy) and the purpose (industry) 
oriented research [6]. The project has been finished by the end of 2002. 

Metal foams can be characterized by three expressions: profitability, safety and noise 
reduction. By exclusive combination of gas bubbles and metallic materials one can 
implement: a) an extra increase of the price of a product, b) new economically important 
energy absorbing materials increasing safety of the cars and the buildings, c) noise reduction 
by sound absorption and vibration damping. The volume fraction of gas bubbles in the metal 
is a simple variable to tailor the properties for the costumer requirements. The wide range of 
possible properties can lead to innovative applications, which is a strong driving force for the 
improvement of metal foam production technologies. 

Several types of metal foams have been produced since the first one patented in 1948 
[7, 8, 9]. In the 1990’s it was clarified that direct foaming of metallic melt or the indirect 
foaming of metal powder compact can produce metal foams cost efficiently. Nearly all metals 
can be foamed but aluminum has the highest importance. The main challenge of recent 
research is to achieve a uniform cellular structure, to perfect the reproducibility in 
manufacture and to control foam architecture. In 2000 D. Leitlmeier and coworkers at LKR, 
Austria reinvestigated the direct foaming process and successfully developed aluminum 
foams with homogeneous cell size distribution now called METCOMB [10, 11]. 

In order to improve the cellular structure of the materials and also make production 
technology more reliable and reproducible, foam stability of liquid metals has to be 
understood and controlled, since without a clear scientific understanding of foam stability 
further improvement in foam quality and process control is impossible. Consequently 
fundamental research of this field can help to find cheaper metal foaming technologies.  

The investigation and production of metal matrix composites (MMC) started in the 
1980’s. Aqueous foam stabilization by solid particles and dispersions in metallic melt came to 
the focus of scientific interest in the middle of 1990’s. In 2002 particles in liquid systems are 
considered as surfactants. It has been shown that particles can decrease surface tension as 
surface-active agents do. Liquid-metal foam stability is facilitated by solid particles 
suspended in the liquid with particle sizes below 20 µm. The nature of action of these 
particles is still under dispute. 

These challenges initiated to choose the stability of particle stabilized liquid-aluminum 
foams as main topic of my Ph.D. It is now the right time to summarize and discuss the current 
state of the art of the science of aqueous colloid chemistry and particle stabilized liquid-metal 
foams converging toward high temperature colloid chemistry. I supposed that the foaming 
mechanisms of particle reinforced metallic melts are analogous to those of non-metallic foam 
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systems. My aim was also to examine the influence of process parameters as: particles 
(composition and volume fraction), gas (composition), matrix alloy (composition), 
temperature of foaming and thermal processing conditions (holding time and cooling 
medium) on the quality of the foam and the foam stability. In order to fulfill my aims foaming 
experiments of METCOMB in different circumstances were implemented. Apparent surface 
tension of MMC melts was measured by a self constructed Maximum Bubble Pressure 
Tensiometer. Metallographical examinations were carried out on the foams. The investigation 
is complemented with TEM examination of the oxide skin and calorimetric measurements. In 
summary I attempted to answer the following questions related to ceramic particle stabilized 
aluminum foams: 
1. What is the apparent surface tension of particle-reinforced aluminum melt? 
2. How do the process parameters influence the cell wall structure? 
3. What is the effect of the blowing gas? 
4. How is this liquid-aluminum foam stabilized? 

Heat and electrical conductivity of ALPORAS aluminum foams are also measured 
and new data are listed in the appendix. These results serve as examples of the previously 
mentioned tailorable properties. 
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2. State of the Art 

2.1. Foam structure 
The term foam is usually reserved for dispersion of gas bubbles in a liquid [12]. The 

morphology of such a foam can be preserved by letting the liquid solidify thus obtaining what 
is called solid foam (often just called foam or more exactly sponge) [13]. The expression 
metal foam [7], strictly valid only for the liquid phase, is often used to describe the solid 
product thus the liquid counterpart is defined as liquid-metal foam [14]. The most important 
feature of foams is the relative density (ρrel) [15] that is, the apparent density of the foam (ρ), 
divided by the bulk density of the material (ρ0) from which the foam is made of. Special ultra-
low-density foams can be made with a relative density as low as 0.001. Above 0.3 the gas 
dispersion in solid is called porous material, below 0.3 it is called cellular material or cellular 
solid. Foam is the subgroup of the cellular materials, where the 3D architecture is produced 
by foaming in the liquid state.  

The term structure  is used for the description of cellular materials at different levels 
of observation (structology): the geometric architecture of the solid (skeleton) in the 
individual cells and their 3D arrangement, the variation of that architecture within a 
considered sample or part (degree of uniformity), and the microstructure of the solid itself and 
its surface [7]. Equal size bubbles form a monodisperse foam. The foam is polydisperse if 
the bubbles show a wide variety in size [16]. Liquid foam is a metastable structure. Foaming a 
liquid produces at first a spherical structure (Fig. 1). The liquid drains out from the spherical 
foam structure while a transitional (Fig. 2) and finally a polyhedral foam structure forms 
(Fig. 3) [12].  
 

 
 

Fig. 1. Spherical structure 

 
 

Fig. 2. Transitional structure 

 
 

Fig. 3. Polyhedral structure 

 

           During the life of foam the bubbles, 
which compose the spherical structure, finally 
transform to cells. The main structural 
elements of cells are: cell wall, Plateau 
border (edge and strut) and vertex (node) 
[16, 7]  (Fig. 4). The size of the cell (dcell) is 
also an important parameter, which correlates 
with the relative density and influences the 
properties [59]. The cell wall (sometimes 
called cell face) is a thin film or membrane 
terminated by the Plateau borders. The cell 
wall thickness (xcw) is different depending on 
the material of the foam. The aqueous foams 
have the lowest (10 nm) and the metal foams 
the highest value (200 µm). 

 
Fig. 4. Cell structure 
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The Plateau border is characterized by the length (lPB) (Fig. 4), the radius (rPB) and the 
arc (αPB) (Fig. 5) [158]. Closed-cell foams  sometimes undergo a further process called 
reticulation, in which the walls of the cells are ruptured resulting in an open-cell foam (Fig. 
6) [34]. The life evolution of the foam structure is closely related to the relative density 
variation of the foam itself. High relative density value has spherical and smaller values have 
polyhedral foams. Usually the cells are polyhedral in shape if the relative density is below 0.1. 
With the recent liquid foaming methods and state of the science only closed-cell metal foam 
can be produced. The cells are usually built up from different polyhedron. Minimization of 
the surface area and the Plateau rules determine the shape of them. The Plateau rules [17] 
are: 

• no more than three of the cell wall can meet in a line 
• no more than four of these lines can meet in a vertex. 

 
Fig. 5. The scheme of the Plateau border [158] 

 

 
 

 
 

Fig. 6. Open cell walls of 
polyurethane with the 
residues of the films 

 
 
 
 
 
 

Ruptured  
cell walls 

 
The faces of soap foam cells consist of triangles, squares, pentagons and hexagons as 

well (Fig. 7, Fig. 8 and Fig. 9). Matzke the first pioneer of the foam topology showed that the 
most frequent polygon is the pentagon and the average number of a monodisperse foam faces 
is 14 [18]. This monodisperse foam is build up from geometrically uniform bubbles, but not 
uniform cell volume.  
 

 
Fig. 7. Tetrahedrons in the 

nodal points 

 
 

Fig. 8. Cube 
 

 
 

Fig. 9. Pentagons and 
hexagons 
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In crystals, one can fill the space with unit cells (the repeating unit) in different ways 
[19]. What is the most economical way of partitioning space with equal size and shape cells? 
What is the 3D unit cell of the foam? For a long time, the Kelvin solution [20], the 
tetrakaidekahedron was the answer. In 1993 the Weaire-Phelan structure a better solution was 
found, where the unit cell is made from different polyhedron [21]. A class of chemical 
compounds known as clathrates show such foam structure. It can also be found in liquid 
crystals. It has 0.3% less (so far this is the smallest) surface area than the Kelvin's structure. 
Beside the polyhedrons of the cells small tetrahedron also can be found in the nodal point of 
Plateau borders (Fig. 10). A good foam topology review will be published soon by Kraynik 
[22]. 
 

 
 

Fig. 10. Open cell foam of polyurethane with tetrahedrons in the nodal points 
 

Metal foams  show similar structures than other non-metallic foams (Fig. 11) [9]. The 
hierarchy of the describing structural parameters is more complex than for bulk metals [23] 
(Table 1). 
 

 
 

Fig. 11. The same architecture of the metal and bread foams [9] 
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Table 1. List of parameters for describing the structure of metallic foams, based on [23] 
      Cellular architecture      =              Cells           +           Cell skeleton of massive metals 
      (geometrical structure) 

• open or closed cells 
• stochastically or regular 

arrangement of cells 
• neighborship relation 
• geometrical models 

(tesselation) 

• volume fraction 
• aspect ratio 
• orientation 
• size distribution 
• gas content 

• thickness and length of the 
cell walls 

• number / area of nodes 
• curvature / corrugation of 

cell walls  
• chemical composition of 

cellular material 
 

      Microstructure 
• dendritic structure 
• grains 
• chemical inhomogeneity  
• particles 

• eutectics, eutectic cells 
• micropores 
• inclusions 
• precipitates 
• dislocations 
• surface skin 

 
           The uniform cell size distribution is the 
key parameter for the application of a foam 
[24]. X-ray tomography (Fig. 12) is the most 
often used tool to determine the 
polydispersity and the average of the cell size 
[25], [26]. The metallic polyhedrons are 
usually found to be composed of irregular 
dodecahedra with 12 pentagonal faces, 30 
triangular prismatic rods (Plateau borders) 
and 20 vertices. Dodecahedrons are not space-
filling structures, accordingly, tetrahedral 
cells are present in position where four 
adjacent cells meet. The Plateau border has a 
continuously decreasing area from the nodal 
point (where they meet other edges) towards 
their mid-span. The cell walls are often 
wrinkled and curved. If the relative density is 
higher than 0.2 the structure is more complex. 
There is a mixture of spherical cavities, 
dodecahedra and other polyhedral shape [27]. 
Some metal foams show density gradients 
caused by the heterogeneous cell size 
distribution [28]. 

 
 

 
 

Fig. 12. X-ray tomograpy picture of 
METCOMB aluminum foam [10] 

The microstructure of the metal in the foams  (grains, grain boundaries, precipitates, 
dislocations etc.) influences the mechanical properties. The microstructure of metal foam is 
similar to the microstructure of castings. Depending on the chemical composition and the 
thermal history, metallic dendrites, eutectic cells, precipitates and differently agglomerated 
particles can be found [23].  
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2.2. Foam production, properties and application 
 

The term foaming means the production of liquid media containing gas bubbles. This 
medium can be water; polymeric-, ceramic- or even metallic melt. Foams can be prepared 
either by dispersion or by segregation [29]. A short description of the essential types of 
foaming methods  is listed below [30]. The specific foaming routes of metals will be 
explained in more detail later. 

Gas blowing method: gas is dispersed through an orifice or porous media immersed 
into a foamable liquid, foam is produced by bubble formation on the ends of the capillaries. 

Mixing method: gas is mixed with the foamable liquid by different ways as shaking 
or whipping; this method can be considered also as a subgroup of the dispersion method, the 
foam quality is determined by the procedure of mixing. 

Foam still can be made by different bubble dispersing techniques. One can make 
bubble through a wire ring immersed into a foamable liquid or flow the gas and the liquid 
through a pipe containing packed solid pieces. High speed pumping of liquid-gas mixture in a 
pipe could have the same effect. 

Aerosol method: gas dissolved in the foamable liquid, bubbles are segregating by 
simply releasing the solution from its pressurized container or changing the temperature.  

Dissociation method: dissociating solid powder mixed with the foamable liquid, 
where the powder releases gas forming bubbles either by temperature increase or by reaction 
with the liquid. 
 
2.2.1 Non-metallic foams 

 
Aqueous foam is an agglomeration of bubbles separated from one another by liquid 

films that are almost but not entirely water. It is often considered as a model system of all 
foam research, because of the friendly handling environment (room temperature, atmospheric 
pressure and the lack of hazardous materials). It can be produced by adding surface-active 
agents as detergents, polymer molecules and colloidal particles to water and applying one of 
the above-mentioned foaming methods [30]. Food foam is one of the widest fields of aqueous 
foams. Lot of universities and industrial research institutes in the world are investigating food 
foams. For example at University of Manchester the bread and at Nestle Research Center in 
Lausanne the ice cream is in the focus. Beer, coke and champagne all have foams on the top. 
The foam quality is well tailored and satisfies the customer. Good bread making depends on 
the mixing time of the dough and the mixing speed as well. Slow mixing results big pores and 
collapse of bubbles during rise. In the Turkish Honey some macromolecules are needed as 
surface-active agents as well. The high viscosity sugar syrup couldn’t be foamed. It can be 
stated that usually alcohol or protein molecules are the surface-active agents in the food foam 
systems [31, 32]. Tensides are used as an active component of detergents but unfortunately 
they are surface-active. In some other industrial process foam is also an undesirable 
byproduct, accordingly defoaming agent is required. One of the biggest industrial applications 
of aqueous foam is the flotation where mineral particle can be separated by the rising 
bubbles. While the ore grains are collected in the froth until the rubbish stays in the bottom of 
the liquid slurry. The collection efficiency of the process and the foam life is strongly 
depending on the wettability, size and the shape of the particles. Other applications  of 
aqueous foams are fire fighting, resource recovery (oil mining), sprays for spreading small 
quantity of materials uniformly, temporary heat isolator between two glass plate and shock 
wave absorbers of explosions [30]. 
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Polymeric foams  [33] are used in solid state. Both open and closed cell polymeric 
foam is produced worldwide. Polymeric foams are mostly produced by bubble nucleation of 
different dissolved gases in the polymeric matrix. The nucleation can be self-nucleation or can 
occur on the surface of a nucleating agent. The solubility of the gases in most polymers can 
decrease by temperature increasing and pressure decreasing. In some polymeric foam 
productions the starting materials are monomers. Gas could evolve from the reaction of the 
monomers. In the case of flexible polyurethane foam the closed cell wall can be opened at the 
final stage of the foam formation. In this system the polymerization and the bubble growth 
occurs simultaneously. The cells open only if enough gas evolved and the polymer already 
has high viscosity but still rigid (Fig. 13) [34]. The viscosity of the polymer matrix is 
increased if polymerization occurs during foaming. At the end of the foam formation the 
viscosity and so the rigidity of the cell walls becomes so high that the evolving gas will 
rupture the cell walls leading to open cell foams. Polymeric foams are the softest materials (E 
= 0.24-1.2 MPa) and the best heat isolators (λ = 0.013-0.06 W/mK). They are often grouped 
as flexible (softness) and rigid foams (heat isolation). The major industries that use flexible 
foams are: transportation, bedding, carpet underlay, packaging, toys, gasketing, shock and 
sound attenuation and shoes. Markets for rigid foam include the following industries: building 
and construction, packaging, flotation (ships), food and drink containers [33]. 

 
Fig. 13. The viscosity change during foaming of polyurethane, blow off point means cell wall 

opening [34] 
 

The everyday experience shows that it is impossible to foam one-component ceramic 
melts. Glass and slag melts are composed of different oxides, which decrease the melting 
point and segregate on the surface of the melt behaving as a surface-active agent. Slag foam is 
a byproduct of steel making but glass foam is produced directly for heat isolation. The glass 
foam is usually produced by admixing of grinded powder of glass or blast furnace slag with 1-
2 wt% CaCO3 or CaSO4 as a blowing agent, then gradually heating the furnace in order to 
sinter the particles first, then decompose the blowing agent and finally soften the material to 
form a light cellular body. The glass foams are used in solid state. Fracture toughness, the 
strength and the heat conductivity are the most important properties [35]. 
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2.2.2 Metal foams 
 

In the history of the metal foam the urgent patenting just after the first discoveries 
often has blocked the scientific understanding. Up to now there is limited scientific 
investigation of metal foaming. The industrial companies and research institutes have been 
pressing to make good foam patenting anything as soon as possible. The research field of 
metal foams could be characterized by simple scientific models. In the middle 90’s – thanks 
for H.P. Degischer, J. Banhart and G. Kaptay – science found a partnership with this 
challenging material and some basic questions like stability of metal foams have been partly 
clarified. 

Several metals can be foamed. Until now foam was produced from Ag, Al, Cu, Fe, 
Mg, Pb, Sn, Ti, Zn alloys or pure metals. Except some historical breakthroughs this overview 
will concentrate on aluminum because it’s importance for applications. The history of the 
developments is summarized here from the foam stability point of view, which means how 
the lifetime of metal foam can be increased. Foam stability will be defined more precisely in 
the following chapter. 

The first pioneer who invented “foamlike mass of metal” was B. Sosnick in 1948 
[36]. He first melted a mix of Al and Hg in a closed chamber under high pressure. The 
pressure was released, which led to vaporization of the Hg at the melting temperature of Al 
and to the formation of a foam. In 1956 J.C. Elliot wrote a patent about blowing liquid metals 
with decomposing agents like hydrides, carbonates, sulfates, hydroxides etc. [37]. He not 
only described his idea but also produced the first metal foam from aluminum using TiH2 or 
ZrH2 as a blowing agent. The first products were not satisfactory, because of lack of stability. 
Pashak suggested an idea of “solid state foaming” as an alternative way in 1960 [38]. He 
pressed and extruded the mixture of aluminum or magnesium metal powder with MgCO3 or 
CdCO3 and heated close to the melting point producing cellular structures. Later 
investigations showed that only some flake shape pores could be formed in solid state and it is 
necessary to heat the extruded precursor above the melting point of the metal is foamed. In 
1963 B.C. Allen et al. [39] applied extrusion of aluminum powder with TiH2, ZrH2 and 
CaCO3 respectively but because of the collapse of the foam he reports the need of progressive 
heating of the precursor above the melting point and the fast cooling of the foam after 
expansion. Nevertheless the foam made from extruded precursor was more stable than which 
is produced by Elliot. Allen assumes that the reason of the foam stability could be the broken 
oxide layer nanoparticles coming from the surface of raw metal powder. J.A. Ridgway wrote 
the first patent in 1967 about high melting temperature stabilizing particles addition to 
different precursor made of Sn, Ag, Mg and Fe [40]. In order to increase the stability of 
aluminum foams several inventions were published in the late 60’s early 70’s based on the 
conception of increasing melt viscosity or thickening. Adding siliceous agents [41], internal 
oxidation of Al by adding MnO2 powder [42], mixing the aluminum melt with aluminum 
dross [43], scrap foamed aluminum [44], high speed mixing of different gases (Ar, O2 ,  N2, 
CO2, air and water) [45] or metallic additives [46] resulted increase in melt viscosity and 
produced more stable aluminum foams. In 1976 slowing down the decomposition time by 
oxidizing the surface TiH2 and ZrH2 blowing agent S.E. Speed [47] successfully produced 
aluminum foam with adding the oxidized hydrides to the melt heated just above its liquidus 
temperature.  

In 1987 after more than 10 development free years the Japanese Shinko Wire 
Company Ltd. registered the first aluminum foam trademark or process called Alporas (Fig. 
14). The inventors S. Akiyama et al. [48] simply mixed pure aluminum with Ca as a 
viscosity-increasing agent and add TiH2 to the melt as a blowing agent. In the presence of 
oxygen Ca reacts and solid particles of CaO and CaAl2O4 form [8]. The first gas blowing 
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technique – the process itself – was patented by the Canadian Alcan [49] and shortly after the 
Norwegian Norsk Hydro [50] companies. In both methods the starting material is a ceramic 
Al2O3 or SiC particle reinforced metal matrix composite aluminum melt and was the result of 
applying usual melt cleaning techniques by flotation to molten particulate reinforced 
aluminum alloys. Due to the ceramic particles the flotation was suppressed and the melt 
happened to foam. For the gas injection into the melt intended to produce foam a special 
vortex steering technique was used. The blowing gas in the Alcan process was air and in the 
Hydro process was air or CO2. In 1992 Alcan patented the “stabilized metal foam body” [51] 
and supplemented his earlier one with argon as a foaming gas. In 1997 Alcan licensed the 
aluminum foam production to Cymat [52] (Fig. 15).  

 

 
 

Fig. 14. Production steps of Alporas foams [48] 
 

 
 

Fig. 15. Alcan/Hydro process [52] 
 

Foam, produced from compacted powder containing blowing agent addition, is also on 
the market under the trade name of Alulight and Fominal [53]  (Fig. 16). Some liquid metal 
form a eutectic system with hydrogen gas. In 1993 Shapovalov [54] produced successfully 
metal foams with long pores by directional solidification of liquid alloys with high hydrogen 
content (Gasar process) (Fig. 17). In 1997 [55], stabilizing particles of MgO were easily 
mixed with aluminum melt and successfully foamed by the Alcan process. The MgO 
enhances the machineability of the foams, compared to Al2O3 or SiC. One of the latest 
developments called Formgrip process [56] (Fig. 18) based on foaming of ceramic particle 
reinforced MMC melt by the help of oxidized TiH2 powder. CaCO3 blowing agent addition 
produced recently more stable foam by the same group [57]. The future trend [8] is the 
Metcomb foam [58] investigated by an Austrian research group led by D. Leitlmeier. Here the 
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foam is made by gas injection into MMC melt with a special blowing equipment producing 
outstandingly homogeneous aluminum foams. The recent metal foaming processes are 
summarized in Table 2. 

 
 
 

 
 

Fig. 17. The structure of Gasar foam [54] 
 

 
 

Fig. 16. Alulight/Fominal 
foam production steps [53] 

 

 
 

Fig. 18. Formgrip process [56] 

 
Table 2. Metal foams production methods based on [8] 

Foaming 
route Direct foaming of melt Indirect foaming via remelting of 

precursor 

Process name 
Alcan/ 
Hydro/ 

Metcomb 
Alporas Gasar/ 

Lotus 
Alulight/Fominal Formgrip 

Dominant 
stabilization 

factor 

Ceramic 
added to 
the melt 

Oxide 
formation in 

melt 

Viscosity 
of eutectic 

melt 

Oxides in 
compacted powder 

Ceramic 
added to the 

melt 

Gas source External 
gas source 

Blowing agent Dissolved 
gas 

Blowing agent Blowing agent 

 
The solid light metal foams are so light that they can float on the top of the water as 

their density is below 1g/cm3. Foamed metals have closed cells. Among the metals aluminum 
promises the highest economical benefit. The properties of the solid aluminum foam can 
vary in a wide range and replace other materials (Table 3). The specific stiffness, the strength-
density ratio and the energy absorbing capacities are the most promising parameters. 
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Table 3. Foam and bulk properties, based on [59] 
Properties Aluminum 

foam 
Al Steel Other materials having similar 

properties as Al foam 
Density (ρ), g/cm3 0.07-0.95 2.7 7.8 Wood (0.4-1.05), plastics (0.9-2), 

polymeric foams (0.01-0.4) 
Tensile strength, MPa 0.04-30 100-

300 
600-
800 

Wood (8-150), plastics (1-30), 
polymeric foams (0.1-3) 

Young’s modulus (E), GPa 0.02-14 70 210 Wood (0.1-10), plastics (0.1-10), 
polymeric foams (0.01-0.1) 

Specific bending stiffness 
of a bar ρ/E  

2-3.9 3.1 1.9 Wood (0.8-3),  
composites (3-7)  

Specific flexural stiffness 
of a plate ρ/3 E  

3.9-2.5 1.5 0.8 Wood (1.2-2),  
polymeric foams (1.2-2) 

Energy absorbing capacity, 
kJ/liter 

0.05-20 - - PUR foams (10),  
PE foam (1) 

Sound absorption, % 10-90* 0 0 Glass-wool (20-90) 
Loss coefficient (η) or 
suppression of vibration 

0.3-0.002 10-4 10-5 Plastics (0.3-0.003) 

Thermal conductivity, 
Wm-1K-1 

0.3-11 236 84 Wood (0.2-0.7), porous ceramics 
(0.2-7), composites (0.2-2) 

Resistivity, µΩcm 20-3000 2.65 10 Graphite (3500) 
Market price, EUR/liter 5-10 6 3 - 
Market price, EUR/kg 10-30 2 0.4 - 
PUR: polyurethane, PE: polyethylene, *open-cell foam or closed-cell foam after at least 10% 
compression to rupture the cell walls 
 

Because of the unusual properties, the metal foam can be tailored for specific 
applications . The car industry is the first user of metal foam prototypes. Aluminum foamed 
parts (Fig. 19) and a whole car-body have already been produced (Fig. 20). The possible 
products – made from metal foams – are summarized in Table 4. 
 

 
 

Fig. 19. METCOMB Aluminum Foamed Parts, LKR 
Austria [10] 

 
 

Fig. 20. Karmann aluminum foam 
sandwich car body prototype, Car 
World Exhibition 1999 Detroit [7] 
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Table 4. Potential application for metal foams, based on [59] 
Applications  Comments Examples 
Light weight 
structures 

Excellent stiffness to weight ratio when 
loaded in bending 

Shipping container, building material, 
filling in hollow materials against 
buckling and builders staging 

Sandwich 
cores 

Metal foams has low density with good 
shear and fracture strength  

Panel like floor and drop ceiling, aircraft 
pallet, heavy duty pallet, panels 
replacing honeycomb, elevator cab and 
door 

Strain isolation 
(compression) 

Metal foams can take up strain mismatch 
by crushing at controlled pressure 

Joining elements 

Mechanical 
damping 

The damping capacity of metal foams is 
larger, by up to a factor of 10, than that of 
solid metals  

Basis of rotating machine or loudspeaker 

Acoustic 
absorption 

Open cell foams have sound absorbing 
capacity 

Sound barrier for highways, overhead 
bridge and tunnel, machine casing with 
improved sound and vibration damping 

Kinetic energy 
absorbers 
(compressive) 

Exceptional ability to absorb energy at 
almost constant pressure 

Crash attenuator, crash barrier, safety 
wall of tornado shelter, crash helmet, 
impact energy absorption parts for cars, 
lifting and conveying systems 

Blast 
resistance 

Excellent energy absorption capability  Amour and gas tank 

Artificial wood 
(with high 
temperature 
capability) 

Metal foams has some wood-like 
characteristics: light, stiff and ability to be 
joined with wood screw 

Rail car bulkhead, fire door and wall 

Heat 
exchangers/ 
refrigerators 

Open-cell foams have large accessible 
surface area and high cell wall conduction 
giving exceptional heat transfer ability 

Heat sink for processors 

Thermal 
isolation 

Thermal conductivities are much lower 
than those of solid metals, but still much 
larger than polymer foam 

Cooking pot and vessels 

Heat shields Oxidation of cell faces of closed-cell 
aluminum foams appears to impart 
exceptional resistance to direct flame 

Fireproof wall 

Electrical 
shielding 

Good electrical conduction, mechanical 
strength and low density make metal 
foams attractive for shielding 

Housings for electronic devices 
providing electromagnetic and thermal 
shielding 

Electrodes and 
catalyst 
carriers 

High surface/volume ratio allows compact 
electrodes with high reaction surface area 

Long life battery 

Buoyancy Low density and good corrosion resistance 
suggest possible flotation application 

Ship and boat 
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2.3. Surfaces of aluminum and aluminum alloys 
 
2.3.1. Oxidation 
 

Oxide layer protects aluminum against further oxidation at low temperature. That is 
one of the reasons why Al is one of the most favorite structural materials. Until the 60’s 
oxidation of aluminum was measured only by thermogravimetry giving information about the 
weight gain at different temperatures. Later surface analytical methods (AES, XPS, SIMS) 
and structural methods (TEM, XRD) gave more detailed information. During aluminum foam 
production the oxidation occurs on the surface of liquid aluminum in a closed environment 
(inside the cells) and under dynamic conditions (bubbles expanding and rising), which are up 
to now barely investigated fields. 

The oxidation kinetic is determined by the partial pressure of oxygen, the alloy 
composition, the temperature, the diffusion of atoms in the oxide layer, in the metal and at the 
interface as well as the segregation of alloying elements on the metal surface. Among several 
oxidation kinetics the dominant can be characterized by two following equations (Eq.(1) and 
Eq.(2)): 
 

∆m = k l t  linear                                                   (1) 
(∆m)2 = kp t + C  parabolic                                          (2) 

 
where ∆m: change in weight per unit surface area; C, kp, kl: constants; t: time [60]. 

At room temperature, oxidation of aluminum obeys neither the parabolic nor the linear 
law, it comes to a standstill after an hour or so.  

Thermal oxidation of aluminum has been studied by several authors. Simplified 
picture is given by Csanady [61]. The oxidation starts by the formation of an amorphous 
layer in the thickness range of nm and is followed by 3 sequences as represented by Fig. 21: 
1. Incubation time called the time needed to form the first crystals below the amorphous 

layer. It can be decreased if the oxygen partial pressure increases. The incubation time is 
increased by Cu and Zn.  

2. Lateral crystal growth time is the time needed for the total coverage of the surface by the 
crystals below the amorphous layer. Growth rate can be increased if the oxygen partial 
pressure increases. 

3. Continuous oxide layer thickening by diffusion: Below 500°C solid aluminum shows 
parabolic oxidation kinetic and above 500oC the oxidation tends to become linear [60]. 
Solid [62] and liquid [63] Al alloys often show complex weight gain curves (after an 
incubation period the parabolic law is followed by a simple linear oxidation) but simple 
parabolic or linear one are also existing. 
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Fig. 21. Oxidation model of Al-Mg alloys [61] 

 
Oxide layer on solid [64] 
 

On the surface of solid Al at room temperature  in air 2 nm thick [65] amorphous 
oxide  layer forms [66]. The thickness changes with composition but independent of 
crystallographic orientation of the aluminum [64]. The oxide layer forms rapidly and mainly 
consists of molecular associates of γ-Al2O3. It provides a barrier on the metal and controls the 
early stages of crystalline oxide formation during subsequent thermal oxidation [67, 68]. 

The high temperature  surface film is duplex. The firstly formed amorphous oxide 
can be transformed into secondary crystals inside the oxide layer or primary crystals can 
nucleate below the amorphous layer [69]. 

In situ observation of Scamas et al. justified that on the surface of pure Al at 
temperature above 450°C the amorphous oxide transforms. On the metal/oxide interface after 
a temperature and solute dependent incubation time (5 min at 475°C) primary crystals of γ-
Al2O3 nucleate. The crystals grow rapidly into the metal to a constant (100 nm) final thickness 
having slight temperature dependence only. At higher temperature direct nucleation and rapid 
growth of γ-Al2O3 crystal was observed [70]. 

In aluminum alloys containing (0.1-6 at%) magnesium amorphous oxide forms 
exclusively below 300°C (Fig. 21.a and b). Mg incorporates into the amorphous oxide, 
depletes on the metal/oxide interface and segregates on the oxide surface. At higher 
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temperature – between the amorphous oxide and the metal – crystalline oxides nucleate (Fig. 
21.c). The structure and the composition of the primary oxide are determined by the 
magnesium and oxygen concentration at the interface (Fig. 21.d). Above 1 wt% Mg in air the 
primary crystal is MgO (terminal size 50-75 nm diameter [70]) but at low partial oxygen 
pressure and concentration the thermodynamically favored MgAl2O4 may form [71]. The 
secondary crystal (5 nm diameter [70]) can be exclusively MgO aligned in strings in the 
amorphous layer. The nucleation and size of the secondary oxide depends on the thickness of 
the amorphous layer and the Mg depletion. Primary MgO growth proceeds by repeated 
primary nucleation. After longer oxidation time at high Mg content the MgO stacks can 
disrupt the amorphous oxide leading to a porous surface skin [71] (Fig. 21.e). The Mg 
diffusion in aluminum is a slower process than the oxide formation, therefore the Mg 
depletion at the metal/oxide interface increases with time (Fig. 21.f). 

Other metallic elements in Al-Mg alloys influence the ion motion – cations (Mg2+, 
Al3+) as well as anion (O2-) – across the amorphous layer. Cu and Zn have retarding effects. 
Mg content below the oxide layer is affected by Cu inhibiting primary MgO formation (Fig. 
21.d). In this case the oxide layer consists of γ-Al2O3 and MgO but Mg(O2)2, MgAl26O40 and 
MgAlO are also identified. Zn assists the nucleation of primary MgAl2O4. Cr increases the 
oxidation rate at the beginning of the oxidation but doesn’t affect the primary and secondary 
crystal formations. Mg and even Li have higher affinity to oxygen as Al. Small amounts of Li 
drastically increase the oxygen uptake, changing the composition and the structure of oxide. 
In the presence of Li, primary and secondary Li2O form [72, 73] instead of MgO. 
 
Oxide layer on liquid 
 

In oxidizing atmosphere liquid aluminum creates a strong, compact and thick oxide 
layer on the surface (thickness after 1 hour 900 nm at 700°C and 2 µm at 800°C). Inhibiting 
the further oxidation, initially a thin film of γ-Al2O3 forms. After the incubation time, this 
oxide transforms into α-Al2O3, which is less effective in inhibiting reaction. The accelerated 
oxidation then is governed by a parabolic law. Aluminum melt is oxidized in dry air or dry 
oxygen atmosphere in equal scales [74]. 

Thiele investigated the effect of alloying elements on the oxide layer growth. The 
oxidation of Al is slightly influenced by Cu, Si, Fe, Mn, Zn above 800°C while below 800°C 
no effect is found. Due to the Zn vapor-oxide layer interaction above 900°C, oxidation rate 
increases. Se and Na have strong increasing effects. Be hinders the oxidation by formation of 
protective BeO [75]. 

Belitskus and co-workers examined the effect of different gases on the oxidation of 
Al-Mg melt. After the incubation time (at least 1 hour) crystalline MgO or MgAl2O4 can 
nucleate under the previously formed amorphous MgO film and breakaway oxidation begins, 
which is ceased only when all the Mg had been oxidized. The rate of the spinel formation is 
higher than Al2O3 formation. Using carbon dioxide and nitrogen in the atmosphere the 
incubation time can be increased [76]. In case of pure Al oxidation in dry oxygen atmosphere 
at 0.16 bar partial pressure while between 660°C and 700°C amorphous oxide between 750°C 
and 850°C eta-alumina forms. From thermodynamical calculations and experimental results 
in CO2 atmosphere between 700°C and 900°C different oxide can form on the surface of 
aluminum depending on the Mg concentration: 

• Al2O3 if Mgexp < 0.59 wt% (Mgcalc < 0.34 wt%), 
• MgAl2O4 if 0.59 wt% < Mgexp < 1.0 wt% (0.34 wt% < Mgcalc < 0.9 wt%), 
• MgO if Mgexp > 1.0wt% (Mgcalc > 0.9wt%) [77]. 
Brouckere showed that aluminum alloys containing more than 3% Mg, MgO is the 

first phase, which appears during the oxidation [78]. The oxidation kinetic of liquid Al-Mg 
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5wt.% alloys at 700°C in dry oxygen and helium gas mixture was studied by K. Surla et al. In 
the first oxidation step of 120 min thin MgO layer has grown (incubation period). 
Subsequently the layer was deformed and small 0.5 µm size MgO particles and small holes 
have developed. It was found that high oxygen partial pressure limits the oxidation of the 
melt. Below 0.4 bar oxygen partial pressure the growth rate is increased [63]. According to 
Vlach et al. the formation of a dense spinel layer prevents magnesium vaporization and its 
subsequent oxidation [79]. 

Above 1050°C the oxide layer of aluminum melt could transform to gaseous 
aluminum sub-oxides released from the melt [87]. 
 

4Al + Al2O3 → 3Al2O 
 

Kahl [80] measured the torque resistance of oxide on liquid aluminum at 775°C after 
10 min oxidation (Fig. 22). He found that the torque strength of the oxide layer has been 
increased by alloying of Mg or Na, Li and Ca as microalloying elements. Be and Si is 
reducing the torque strength. 
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Fig. 22. The strength of oxide layer on liquid aluminum – dependence of alloying elements 

[80] 
 

During bubble rising the oxidation is dramatically different. This condition was termed 
as dynamic oxidation [77]. Weigand reported that after blowing aluminum precursor melt 
with argon the foam had 30 nm thick oxide layer on the surface of the cells [81]. Wightman et 
al. found oxide layer thicknesses between 2-30nm after few second of blowing. The dynamic 
oxidation rate of pure Al in CO2 atm. was reported to be 60 times faster than at static 
condition. The quiescent rate of oxidation of 0.59 wt% Mg containing alloy was 3-10 times 
higher than that of pure Al. In case of CO2 bubbling in 4wt% Mg containing Al melt at low 
temperature the oxidation is a linear function. At higher temperature the oxidation begins with 
a moderate rate and after a few minutes suddenly increases. This phenomenon can be 
explained by the incubating period of γ-Al2O3 - α-Al2O3 transformation [77]. 
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2.3.2. Surface tension of liquid aluminum and aluminum alloys 
 
Measurement methods 
 

In the literature sessile drop, ring method and maximum bubble pressure method are 
used in order to determine the surface tension of high temperature liquids. 
 
Sessile drop 
 

The contact angle, the density and the surface tension of the liquid drop influence the 
shape of the sessile drop. Application of simplified calculation method of Ivaschenko et al. 
[82] is limited by the narrow range of the mass of the drop and the inclination of the plane. 
Following complicated solution of the Laplace equation one can calculate the surface tension 
from the contour shape of the drop [83]. 
 
Ring 
 

A nonreactive ring is immersed into the melt. The maximum pulling force (Fmax) 
before detachment is determined. The surface tension can be calculated from Eq.(3). 
 

f
R

FF

r

v

θπ
σ

cos4
max

lg

−
=                                                             (3) 

 

where Fv is the force due to liquid’s weight, θ is the contact angle, r is the thickness of the 
ring, Rr is the inside diameter of the ring and f is the Harkins Jordan factor. Some results 
measured by this method in metallic [84] and slag melts [85] are available in the literature.  
 
Maximum bubble pressure 

 
The technique of maximum bubble pressure is well described by Fainerman et al. [86]. 

Bubbles form and separate from the end of the capillary tip only if the pressure in the 
capillary is equal or higher than a maximum value ( max

bp ) determined by the Laplace equation 
(Eq.(4)). 
 

0
lgmax

b

2
p pgh

rcap

++= ρ
σ

                                                      (4) 

 
The maximum bubble pressure ( max

bp ) depends on the surface tension of the liquid 
(σlg), the capillary radius (rcap), immersion depth (h), atmospheric pressure (p0) and the 

density of the liquid (ρ). The 
capr

lg2σ
 value is called capillary pressure (pc) and the ρgh 

determines the hydrostatic pressure (ph). 
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After rearrangement of Eq.(4) the surface tension can be calculated by Eq.(5), where 
dcap is the capillary diameter.  
 

4

)( 0
max

lg
capb dpghp ⋅−−

=
ρ

σ                                                    (5) 

 
A typical pressure curve in the function of the bubble formation steps is shown in Fig. 

23. It can be seen that the bubble pressure has a maximum when the bubble radius is equal to 
the capillary radius. Calculated pressure values of water and liquid aluminum in function of 
capillary diameter and immersion depth are shown in Table 5. The capillary pressure of liquid 
aluminum is more that 10 times and the hydrostatic pressure is nearly 3 times higher than 
those of water. 

 
Fig. 23. Pressure change during bubble formation of MBP measurement 

 
Table 5. Capillary and hydrostatic pressure values in water and liquid aluminum  

Pure water at RT Pure oxidized aluminum at 700 °C 
dcap, mm pc, mbar h, mm ph, mbar dcap, mm pc, mbar h, mm ph, mbar 

0.001 2920.0 1 0.1 0.001 34360.0 1 0.3 
0.003 973.3 3 0.3 0.003 11453.3 3 0.8 
0.005 584.0 5 0.5 0.005 6872.0 5 1.3 
0.01 292.0 10 1.0 0.01 3436.0 10 2.6 
0.03 97.3 30 2.9 0.03 1145.3 30 7.9 
0.05 58.4 50 4.9 0.05 687.2 50 13.2 
0.1 29.2 100 9.8 0.1 343.6 100 26.5 
0.3 9.7 300 29.4 0.3 114.5 300 79.5 
0.5 5.8 500 49.1 0.5 68.7 500 132.4 
1 2.9 1000 98.1 1 34.4 1000 264.9 
  3000 294.3   3000 794.6 
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The advantages and disadvantages of the sessile drop, ring and maximum bubble 
pressure method are summarized in Table 6. 
 
Table 6. Summary of the surface tension measurements methods of liquid metals 
Method Advantage Disadvantage 
Sessile drop Small sample is required Complicated shape factor fitting (difficult 

evaluation), bad resolution, measurement on 
old surface 

Ring Good reproducibility Required precise knowledge of the contact 
angle and ring-liquid weight, measurement 
on old surface  

Maximum 
bubble 
pressure 

Measurable Gibbs elasticity and 
dynamical effect, easy variable 
atmosphere, fresh-surface 
measurement 

Required precise capillary geometry and 
immersion depth 

 
Surface tension data 
 

Different authors published data of surface tension of liquid aluminum and its alloys 
(good summary can be found in [87]). Most data were determined by the sessile drop and the 
maximum bubble pressure method [88, 89, 90]. Results of both methods are depending on the 
oxide layers inevitable on aluminum melt surfaces. The surface tension of oxidized Al 
increases from 750°C to the melting point value by only 3%. The main alloying elements of 
Al don’t influence significantly the surface tension. Even the highest effect of 1 wt% of Mg 
yields a decrease by less than 2.5 % [91]. Kaptay [87] extrapolated and compared the surface 
tension data of liquid Al2O3 with the surface tension of oxidized molten aluminum. He states, 
that oxygen, covering the surface of molten aluminum at relatively low temperatures is in a 
state of supercooled Al2O3. None of the previously mentioned authors consider the effect of 
particle concentration on the apparent surface tension and surface elasticity. The effect of 
alloying elements to the surface tension of aluminum is summarized in Table 7. 
 
Table 7. Surface tension of pure and alloyed Al and its additives, based on [92] 
 Al Mg Si Zn Mn Cu Cr Ni Fe 
σlg, N/m at Tm 1.184* 0.59 0.83 0.82 1.2 1.35 1.7 1.8 1.9 
Tm, °C 660 649 1414 420 1247 1085 1860 1455 1538 
dσlg/dT 10-3 Nm-1K-1 -0.26 -0.19 -0.084 -0.27 -0.38 -0.3 -0.35 -0.44 -0.42 
σlg, N/m, at 660°C or 
extrapolated to 660°C 

1.184* 
(0.865) 

0.588 0.89 0.76 1.42 1.48 2.12 2.15 2.27 

Calculated σlg of Al 
1at% Me alloys, (linear 
appr.), N/m at 660°C 

1.184* 
(0.865) 

1.178 
(0.861) 

1.181 
(0.863) 

1.180 
(0.862) 

1.186 
(0.867) 

1.187 
(0.867) 

1.193 
(0.872) 

1.193 
(0.872) 

1.195 
(0.873) 

Calculated σlg of Al 
1at% Me alloys,, 
(segregation theory 
[93]), N/m at 660°C 

1.184* 
(0.865) 

1.151 
(0.840) 

1.181 
(0.863) 

  1.186 
(0.866) 

 1.186 
(0.867) 

1.186 
(0.867) 

Measured σlg of Al 
1wt% Me alloys [94], 
N/m at 660°C 

1.184* 
(0.865) 

1.154 
(0.843) 

1.182 
(0.863) 

1.182 
(0.864) 

     

*non-oxidised surface, (oxidised surface) 
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2.4. Particles in liquid aluminum and aluminum alloys 
 
2.4.1. Reactions 
 

Aluminum matrix composites are the raw material of CYMAT and METCOMB 
foams. Among the metallic elements, aluminum has one of the highest chemical reactivities in 
liquid state, so Al melt reacts with several ceramics. MMCs is often accomplished by a solid-
state process, where interfacial reactions are not significant. Liquid phase infiltration, stirring 
MMC production techniques and recycling of MMCs [95] have similar reaction temperatures 
and time as aluminum composite melt foaming. The reaction product often modifies the 
surface of the particle resulting in a coating. These coatings are impairing the mechanical 
properties and could influence the foamability of the MMC melt. Some common reaction data 
are summarized in Table 8. Among the materials listed in Table 8 the SiC and Al2O3 systems 
are used most frequently in the practice. Some reactions can be eliminated or promoted by 
alloying [96, 97]. 
 
Table 8. Chemical reactions of particles with Al melt below 1000°C 
Ceramics Reaction with pure Al Reaction product or remark References 
AlB2 No - [98] 
TiB2 No - [98] 
Carbon Depends on surface 

reactivity 
(Al4C3) [96, 97] 

Al4C3 No but react with water - [96, 97] 
B4C Yes Al3BC, AlB2 [97] 
SiC Yes Al4C3 [96, 97] 
TiC Yes Al4C3, Al3Ti [97] 
AlN No - [99] 
BN Yes AlN [99]  
Si3N4 Yes AlN [100] 
Al2O3 No - [96, 97] 
CaO No (CaAl2O4 in the presence of O2) [48, 8] 
MgO Yes MgAl2O4 [55] 
SiO2 Yes Al2O3, Al2SiO5, Al6Si2O13 [96, 97] 
TiO2 Yes Al2O3, AlTi, Al3Ti, TiO [101] 
 

Liquid Al-SiC composite system is reactive [102]. The formation of aluminum carbide 
is detrimental to composite properties because of its brittleness and reactivity with water. It is 
also undesirable in the melt stirring process because it increases the melt viscosity. Aluminum 
carbide formation can be prevented by adjustment of the matrix, or by coating SiC particles 
with a physical barrier (Al2O3, TiO2, TiB2, SiO2, TiC, TiN...) or a sacrificial layer (Ni, Cu...) 
[97]. To prevent the formation of Al4C3 pure Al has to be alloyed with Si. The minimum Si 
for prevention was found to be 8.5 wt % Si at 610°C and 13 wt % Si at 825°C with linear 
interpolation rule in between [103]. The presence of as little as 1 wt% Mg in pure Al leads to 
the formation of Mg2Si and enhance the formation of aluminum carbide [104]. Contradictory 
fact is that in case of AlSi9Mg/SiC/10-20p the maximum overheating temperature was found 
750°C, which is 60°C higher than the same alloy without Mg [103]. In Al-SiC system above 
1400°C Viala et al. found other complex carbides as Al4SiC4 and Al8SiC7 [105]. If the SiC 
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has been oxidized the SiO2 surface layer can react with the liquid Al forming Al2O3, Al2SiO5, 
Al6Si2O13 (mullite). In the presence of Mg the reaction product is MgAl2O4 [106]. 

Al2O3, stable in liquid aluminum matrix, becomes unstable in presence of magnesium 
and forms either Al2MgO4 (spinel) for 1 wt% < Mg < 4 wt% or MgO at Mg > 4 wt% [107]. 
The thin passivation layer of MgO prohibits further reactions. Detrimental spinel formation is 
continuous and can be limited by either a) using a mixed oxide such as Al6Si2O13 (mullite), b) 
forming an MgO barrier layer by using the reaction itself, c) using an aluminum matrix with a 
low magnesium content (Mg<1wt%), d) further alloying the Al matrix with an element like Sr 
selectively segregates at the interface and inhibits spinel growth [108]. MgAl2O4 is observed 
for Mg >0.5wt% using infiltration casting but no reaction with squeeze casting. Schuster et al. 
reported interface spinel formation of AA6061/Al2O3/10-20p as well [109].  

Thermodynamic stability range of reactions of liquid Al and ceramics in function of 
alloying elements are calculated in the literature (Table 9). 
 
Table 9. Calculated thermodynamic stability range of reactions between liquid Al and 
ceramics 
Ceramic Reaction products  Reaction stability range  Remarks 
SiC Al4C3 Below 7 at% Si content 

at the melting point 
[110] 

Increasing the temperature and adding 
extra Mg the reaction stability range 
increases by the model, good fit with 
experiments 

Al2O3 MgAl2O4 0.02 wt% < Mg < 1 
wt% at 700°C [111] 

Calculation didn’t explained in details, 
the author experimental finding match 
with his calculation 

 
2.4.2. Wetting 
 

Wetting behavior can be estimated by the contact angle to be determined from the 
sessile drop experiments with the accuracy of ± 1-5°. The θ can be calculated by the Young 
equation (Eq.(6)) 

θσσσ coslg−= cgcl                                                         (6) 

 
where σcg is the ceramic particle – gas interface energy, θ is the contact angle, σcl is the 
ceramic particle - liquid aluminum interface energy and σlg is the surface tension of liquid. 
The Young-Dupre equation (Eq.(7)) can also be applied 
 

)cos1(lg θσ +=W                                                           (7) 
 
where W is the adhesion energy. The ceramic particle is perfectly wetted by the liquid at 

°= 0θ  or lg2σ≥W . At °< 90θ  the system is called wetting, while °> 90θ  is non-wetting. 

The contact angle depends on the time, the temperature, composition, heat treatment of 
ceramics (impurity or absorbed gas removal), surface roughness [112] and the atmosphere of 
the experiment. In case of Al the oxide layer inevitably influences the measurements. Some 
example of the contact angle of pure Al melt – particle – gas system (at 1100°C, no oxide 
layer on liquid Al, purified Ar atmosphere at 10-8 bar residual pressure, contacting time is not 
mentioned) is summarized in Table 10 [92] presenting exclusively wetting conditions. 
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Table 10. Contact angle of pure Al melt - particle – gas interface [92] 
 TiB2 WC TiC BN SiO2 SiC graph. Al2O3 TiN 
θ, ° 0 5 10 15 23 27 52 63 86 
 

Among metal-ceramic combination, the Al-SiC couple has been one of the most 
widely studied systems. The contact angle of aluminum matrix alloy can be modified by Si, 
Mg or Cu addition. The deviation range extends up to 40° depending on alloying composition 
and temperature. Si in liquid Al protects the SiC against interfacial reactions meanwhile the 
decrease of contact angle by temperature increase will delay [113]. Time dependency of the 
contact angle was measured in AlSi18/SiC system at 800°C, high vacuum 4x10-5 Pa (the 
allotropy of the SiC wasn’t signed) [115]. The initial value was found to be 120°. SiC was so 
well protected against any reaction of Al by the high Si content of the melt, that even after 
three hour the measured contact angle (60°) was two times larger then that is of non alloyed 
Al melt (27°) (Table 10). The enhancement of wetting in the absence of Si is still not clear. 
Al4C3 formation would be a good answer but the contact angle of 55° is even higher than SiC 
– Al melt contact angle (27°) [114]. 

Laurent et al. determined the oxygen partial pressure dependence of contact angle of 
pure Al-Al2O3 couple. Near to the melting point of Al, 160° contact angle was measured at 
10-3 Pa but 100° at 10-5 Pa vacuum level. Due to the oxide layer evaporation at 900°C the 
pressure dependence of contact angle disappeared and decreased down to 90° [115]. Alloying 
element addition of Li and Ca improves the wetting due to the complex Li or Ca aluminum 
oxide formation on the surface of the alumina particles and decrease of liquid-gas surface 
tension (see Ref. on page 51 in [116]). Initial (shortly after the first contact) and time 
dependent contact angle of (0001) oriented α-Al2O3 single crystal under less than 5 x 10-4 Pa 
oxygen partial pressure were recently investigated (Fig. 24). The contact angle was found to 
have an average decreasing tendency by temperature increase. Between 700 and 800 °C 
surplus oxidation was found without essential change of contact angle. Heated above 800°C 
the pattern of the oxygen on the (0001) plane will vary from (1x1) to an oxygen deficient 
( 31 x 31 R±9°) Wood index structure while the contact angle decreases. Because of the 
reaction between Al melt and Al2O3 strong decrease of wetting angle occurs above 1100°C. It 
was also found that while the contact angle of (0001) plane changes with time (at low 
temperature increasing-, at high temperature decreasing tendency) other crystallographic 
planes are not sensitive for the time. It can be summarized that 75° (30 min, 1500°C) seems to 
be the minimum and 130° for the maximum values of the contact angles (30 min, 700°C) 
[117]. 
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Fig. 24. Equilibrium contact angle of pure Al and (0001) plane of α-Al2O3 single crystal in 

the function of the temperature [117] 
 
2.4.3. Particle distribution 
 

Particle distribution in colloid systems is affected by different phenomena. Among 
them in the aqueous liquids the interaction of particles – described by the DLVO theory – is 
the most important phenomenon. The term interaction can cover different phenomena. Both 
long-range forces and simple cohesion are interactions. In simple aqueous suspension both 
phenomena exist between particles [12, 118].  

Metal matrix composite melts also behave as colloids  [127], but until now there is no 
adequate explanation of the interactions thereby the driving force of particles distribution. 
One of the possible answers was given by Kaptay [119]. He deduced the long-range particle-
particle interaction force between two spherical particles in liquid metals (Eq.(8)).  
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where da – is the atomic diameter in the liquid metal (≅ 0.286 nm for liquid Al), σcg is the 
ceramic particle – gas interface energy, θ is the contact angle, σlg is the surface tension of 
liquid, R1 and R2 are the radii of the particles. 

Appropriate research tools are still under development of in-situ analysis of particle 
distribution in liquid metals [120]. Only viscosity measurement could give some indirect 
information about the presence of agglomerates. Moon et al. measured time-dependent 
viscosity of liquid MMC containing SiC particles. This indicated that the structure of the SiC 
particles in the metallic melt changed with time [121]. Contrary to aqueous systems 
solidification is overlapping the distribution of the particles in the liquid metal. The solid-
liquid interface can push or engulf the particle modifying their original position in the liquid 
[122]. 

As it is described in the literature, ceramic particles can form orderly (hexagonal), 
fractal (network) or clustered structure  on the surface or in the metallic melts. The cluster 
formation can cause faster sedimentation of the particles, which require more frequent stirring 
during the processing of composite melts. In liquid aluminum mostly SiC [123] and Al2O3 
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[124] suspensions are investigated. The cluster size of Al2O3 in wrought Al is four times 
higher than that of SiC clusters in casting Al-Si alloy. The formation and size of clusters may 
be attributed to the wetting characteristics of liquid aluminum alloy – ceramic particle 
systems (Al2O3 has higher contact angel in pure Al than SiC) [115, 125, 126]. Higher contact 
angle increase the clustering tendency of particles from small agglomerates through network 
structure toward big clusters (Ref. 15 in [127]). Gallerneault and Smith [128] reported cluster 
size of 327 µm using 12 µm SiC particles in A356 aluminum alloy. Comparing the previous 
result with the 55.9 µm cluster size measured by Kolsgaard [129] who used 13 µm SiC 
particles in A357 aluminum alloy, the only difference, which could be found, is that the Mg 
content doubles in A357 alloy. The packing factor after sedimentation in A356 alloy of Al2O3 
particles (0.28) found to be higher than that of SiC (0.17). These numbers are much far from 
the random close packed value (0.6), which means network or fractal structure exist in both 
previously mentioned systems [130]. 

Gravity also influences the distribution of the particles in liquid MMC. During casting 
continuous mixing is required in order to eliminate particle sedimentation. In microgravity 
experiments the sedimentation is negligible moreover the effect of solidification can be taken 
into account more precisely. Microgravity solidification of Al-7 wt%Si and SiC Duralcan 
composite was shown that the firstly solidifying aluminum dendrites could push the SiC 
particles during slow cooling. The particles only found in the interdendritic eutectic phase and 
the distribution mainly depended on the dendrite arm spacing determined by the temperature 
gradient and the cooling rate. Contradictory quenching produced dendrite arms close to the 
size of the particles and particle networks could be observed. Particles were still in the 
eutectic phase. The reason can be explained by the lower thermal conductivity of the SiC 
particles in comparison to the liquid Al [131]. The cooling rate 2500 µm/s found to be close to 
the critical velocity calculated by the model of Stefanescu et al. [132]. This experimental and 
theoretical match convinced that the application of quenching could freeze the original 
structure of the particle distribution in the liquid. 

There are much stronger mechanisms for particle clustering usually inherent from the 
manufacturing or melting routes. These usually involve the interactions between particles 
and foreign objects such as fluxes, gas bubbles and oxide films. Fluxes and gas bubbles can 
cause particles to attach via liquid, solid or gas bridges, which exert strong capillary forces. 
These agglomerates can also contain many tens of particles [133]. Oxide films in particular 
are able to move in the melt and particles attach to them readily to produce long chains and 
balls [124]. 
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2.5. Foam stability 
 

The term foam stability is related to the avoidance of perturbations and drainage of 
the cell walls. The first are instantaneous phenomena but drainage is time consuming. Several 
factors influence foam stability, including geometry of Plateau borders, cell wall thickness, 
surface adsorption, surface mobility, dilatational viscosity and elasticity. One can consider 
foam as a viscoelastic system. The elastic parameter can be characterized by dilatational 
elasticity via surface tension measurement [134]. 

Two bubbles connected by a tube  is a good model to understand why a pure liquid 
couldn’t resist again perturbations. In this system the surface tension in each bubble amounts 
to a force directed inward. This tension is balanced by a pressure of the gas trapped in the 
bubble determined by the Laplace law (Eq.(9)) 
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where rb is the radius of the bubble and σlg is the surface tension of liquid. 

Since the bubbles are connected, their internal pressures are equal and their diameters 
are identical. Suppose the diameter of one of the bubbles fluctuates to an infinitesimally larger 
size while the other bubble shrinks by a corresponding amount. The smaller bubble now has a 
greater internal pressure, so that gas flows from it to the larger bubble. The smaller bubble 
therefore decreases further in size. Its internal pressure rises again. This destructive sequence 
establishes that the two bubble system were inherently unstable. To foam a liquid or stabilize 
the two-bubble system usually a surface-active agent is required. It is also well known that 
surface-active agents decrease the surface tension of liquids that adds elastic behavior to the 
bubble or the foam (Fig. 25). The decay of the liquid foam always starts with the cell wall 
rupture therefore understanding the phenomena related with the cell wall has the highest 
importance [30]. 
 

 
 

Fig. 25. Extremely elastic aqueous bubble [135] 
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2.5.1. Non-metallic foams 
 

Soapy water films can be made as thin as 6nm. In aqueous foam system the stability 
derives from a pair of related phenomena described in the 19th century, one by the American 
physicist J.W. Gibbs and the other by an Italian physicist C.G.M. Marangoni. The Gibbs 
effect occurs when a thin film is stretched and the film holds surfactant molecules in solution. 
The stretching increases the film’s surface area, and when the surface-active molecule 
migration is complete, the number of surfactant molecules per unit area of the surface is less 
than it was. Thus, the surface tension increases. The Gibbs effect dictates that a stretched film 
will “try” to contract, like an elastic skin; in fact, the Gibbs effect often called Gibbs 
elasticity (EG). The Gibbs elasticity can be defined as (Eq.(10)): 
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where A is the surface area and σlg is the surface tension of liquid [136, 30]. The elasticity 
may have values in the range of 0.01-0.04 N/m [137]. 

The second phenomenon, the Marangoni effect, acts temporary and locally. It arises 
because certain amount of time is required for surfactant molecules to diffuse to the surface of 
a newly stretched film. Initially, therefore, the surface has a very low concentration of 
surfactants and the surface tension is even greater than calculated from the magnitude of the 
Gibbs effect. The tension slowly decreases to the Gibbs value as surfactant diffuses to the 
surface and the film equilibrates [136, 30].  

The elasticity of liquid bodies is closely connected with their stability in respect to 
external perturbations . It can be generated by sound waves, mechanical vibrations, 
temperature fluctuation and heterogeneous exchange of components with the environment. 
These perturbations have wavy shape. If the longitudinal dimension of two neighboring peaks 
is comparable or smaller than the cross dimension of a body, the perturbation considered to be 
short wave [136]. In 1873 Joseph Plateau – the same who named Plateau border – proved that 
a cylinder of liquid is not a structure of stable equilibrium if its length is longer than the 
circumference (about 3.14 times its diameter). A long cylindrical liquid rod would 
immediately collapse into a row of equally sized and equally spaced drops [138]. The 
periodical thickness fluctuation of certain foams can have the same driving force as the 
Plateau collapse - that is the Marangoni effect influenced surface tension. Spontaneous dimple 
formation of emulsion films can give us an acceptable explanation [140]. In liquid films at 
low surfactant concentration, the amplitude of surface waves or cell wall fluctuations, which 
causes the films to rupture, is large. Low surfactants concentrations thus cause the film to 
rupture at a large thickness. As the surfactants concentration increases, the waves are damped, 
causing the films to drain reducing thickness before rupture. Surface waves have sinusoidal 
shape. The thin part of the film is subject to two opposing forces. Thus, a capillary pressure 
due to the locally curved surface tends to suck liquid back into the thin part of the film, and a 
disjoining force tends to push liquid away. The shorter the wavelength the more marked the 
curvature and the stronger the capillary force [153]. Above a critical wavelength (λcrit) the 
perturbation will spontaneously grow. However, for sufficiently long wavelengths the rate of 
growth will begin to decline because of the increased distances over which the film has to be 
moved against viscous resistance. An optimum wavelength of critλ2  for the maximum rate 
of growth of a perturbation therefore exists [139]. The Gibbs and the Marangoni effect 
stabilize the films in foams against fluctuation in thickness. If a perturbation locally increases 
the area of film, the surface tension will also increase, and this will stiffen the surface against 
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growth of the fluctuation. The absence of Gibbs and Marangoni effect in a pure liquid is the 
main reason, why a pure liquid cannot foam: the films in the foam of a pure liquid are 
unstable to infinitesimal fluctuations [136]. 

Surface transport can also stabilize the foam. Surfactant molecules absorbed in the 
undisturbed film surface would diffuse into the disturbed area. During that movement, the 
surfactant molecules would carry with them an underlying layer of the base liquid that would 
serve to increase the thickness of the thinned area and thus delay rupture [170].  

A horizontal liquid membrane stretched between a wire frame is thinning towards the 
edge of it. This justifies that a suction force must exist pushing the liquid towards the smaller 
curvature part of the membrane. When a film forms (either individually or in a foam), it is 
relatively thick. It loses liquid by drainage. The pressure inside the bubble (pb) and the 
hydrostatic pressure (ph) of the foam column result in a pushing force on both sides of the cell 
wall, which makes a liquid flow toward the Plateau border from the mid-span of the cell wall. 
The Plateau border suction or the liquid pressure difference between the cell wall and the 
Plateau border (∆pPB) is the following (Eq.(11)): 
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where pb is the pressure inside the bubble, ph is the hydrostatic pressure, p0 is the atmospheric 
pressure, σlg is surface tension of liquid, rPB is the Plateau border radius and rcw is the cell wall 
curvature. 

Thin aqueous films are prevented from shrinkage to zero thickness by repulsive forces 
between its two surfaces. The repulsive force per unit area may be represented as a pressure to 
be included in the equilibrium condition called disjoining pressure  (Π). For polyhedral 

foams it is equal to the capillary pressure (
PB

c r
p lgσ

= ). Usually the disjoining pressure 

increases by decreasing the cell wall thickness during drainage. This pressure – film thickness 
function is called disjoining isotherm. This isotherm can be shifted by modifying the 
temperature, concentration of the solute and particles. The pressure value can be influenced 
by the attractive (van der Waals) and the repulsive forces (steric and electrostatic) – described 
by the DLVO theory [140]. 

Aqueous foam drainage depends on the surface-active agent concentration. Increasing 
the concentration of the surface-active molecules they firstly agglomerate on the cell wall 
surface, while the surface tension decreases and the drainage time increases. Later molecules 
are creating spheres inside the water called micelles. If the molecules are saturated on the 
surface further surface tension decrease didn’t occur. This point is called critical micelle 
concentration (CMC). Further concentration increase decreasing the drainage time and the 
cell wall thins in a stepwise manner called stratification. Wasan et al. [134] discovered the so-
called structural forces, which are responsible for the stepwise thinning and act between the 
micelles. He also found that the thinning steps are the same as the diameter of the micelles. 
Foams made from a variety of surfactants show markedly different drainage behavior. Some 
surfactants generate rigid surfaces, while others allow for very mobile surfaces, which have a 
large effect on resistance to flow. Surface viscosity and surface mobility are one of the most 
important parameters of drainage [141]. 

Summary of aqueous foam film rupturing and drainage is sketched in Fig. 26, where: 
a) Two bubble approach each other resulting in their hydrodynamic interaction. b) 
Deformation of the bubbles leading to a bell shaped formation, which is called a “dimple”. c) 
The dimple gradually disappears and a plane-parallel film of radius, R, is formed. The film 
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drains under the combined action of suction at Plateau borders and the disjoining pressure; 
subsequent thinning of the film depends on the surfactant concentration. d) At low surfactant 
concentration (below the CMC), when the disjoining pressure gradient is negative, it favors 
the growth of corrugations at the film surfaces and at a critical thickness, either the film 
ruptures or a jump transition in thickness occurs leading to a stable or metastable structure. 
This process of transition to stable or metastable state is known as ‘black spot formation’ 
since at these thicknesses the films appears grey or black. e) The black spot increase in size 
and covers the whole film. f) The formation of an equilibrium film whose lifetime can be 
virtually unlimited and is dependent upon the magnitude of the capillary pressure. g) At high 
surfactant concentrations (above CMC), when the structural component of the disjoining 
pressure is positive, a long-range colloid crystal like structure is formed due to the internal 
layering of micelles inside the film. h) The thinning film exhibits a number of metastable 
states and its thickness changes in a stepwise fashion; the stratification depends on the 
concentration of micelles and film size. i) The film attains an equilibrium state with no more 
stepwise changes and the resulting film is stable, thick and contains micelles [134]. 
 

 
Fig. 26. The schema of the thinning and rupturing mechanism of aqueous cell walls [134] 

(dots represents micelles) 
 



Norbert Babcsán: Ceramic Particles Stabilized Aluminum Foams  

33 

Polymeric foams  also contain stabilizers. In polyurethane foam the stabilizer is a 
block copolymer of polyether and polydimethylsiloxane structure, which is surface-active. 
Only the polyether block is soluble in the polymer. If this block were missing the surfactant 
became a defoaming agent. The order and the ratio of these two blocks can be tailored for the 
required applications. Special silicon based surfactants are also used in other polymeric foam 
systems. In plastic foams the critical cell wall thickness is between 0.4-0.85 µm [33].  

At elevated temperature Si-Glasses are high viscosity liquids. Their viscosity is 
around 1 Pas or higher which is three orders higher than that of water and metallic melts. 
Kozakevitch [142] considered that the formation and durability of glass foams are facilitated 
by a low surface tension, which can be produced by the formation of absorbed films of 
surface-active solutes. He also suggested that in silicate melts, in which silica is the surface-
active component, the absorbed surface films consist of complex silicate anions on which the 
Si-O- bonds are directed toward the bulk phase and that the negative charge is compensated 
by cations beneath the absorbed layer. The film is thus an ionic double layer or bipolar layer, 
of relatively high surface viscosity, which contributes to the stability of the foams. Because of 
the importance in steel making process, the foam stability of slag (Ca and Si based oxide) is a 
vigorously investigated research field. Different phenomena are reported to be responsible for 
the slag foam stability. It was found that bulk viscosity doesn’t play a direct role but can 
increase the drainage rate of foams. The addition of different oxides can have a stronger 
influence through decreasing the surface tension of the melt and increasing the surface 
viscosity [143]. They are surface-active in the decreasing order of P2O5, Na2O, FeOx, SiO2 
and B2O3. In a slag foam the critical cell wall thickness was found to be between 0.1-0.5 µm 
[144]. Decreasing the liquid fraction of the slag (by going below the liquidus temperature) the 
viscosity increased but the foam stability decreased which means that the presence of 
solidified particles of the semisolid melt doesn’t stabilize the slag foam [145]. Enhancing the 
temperature the height of the foam will decrease, which is connected with suppressing the 
foam bulk viscosity [146]. Coke pellet behave like a defoaming agent of liquid slag foam 
[147]. Blowing gas could have a stabilizing effect in an increasing order of H2, He, Ar, Ar + 
3% H2 gases [148]. 

Particles also can stabilize non-metallic foam systems : a) wetting particles present 
in Plateau borders slow down the foam drainage; b) particles form layers inside the liquid cell 
wall, which are stabilized by the oscillatory structural force [149]. It is still a question how the 
particles’ parameters – as concentration, contact angle with the liquid-gas system, size and 
shape – affect the stability of liquid foams. The foam stability of the model system water - 
3.88 µm surface modified polystyrene particles was measured by Wilson [150] in dependence 
of the contact angle of particles. The contact angle was set either by salt addition or by 
surfactants. Between 0-33°-no foam, 33-67°-slight foam, 67-85°-good foam and above 85°-
very good foam was produced. In the presents of surfactants Johansson et al. examined the 
foam stabilizing effect of micron size quartz particles. Stabilizing effect was found in the 
range of 60-90 degree with an optimum of 75 degree. Below 44 µm particle size the foam 
stability enhanced [151]. Sun and Gao examined the effect of 1-75 µm PTFE, PE and PVC 
particles in surfactant free ethanol-water solution. The wetting angle of particles is tuned by 
the ethanol concentration. An optimum wetting angle range of 75 to 85° of stable foams was 
found and smaller particle size produced more stable foam [14]. Sethumadhavan et. al  
stabilized aqueous liquid films with 3-38.6 nm silica particles. Slower film thinning of smaller 
particles has been obtained by stepwise thinning mechanism [152]. It has to be noted that non-
wetting particles are used even as antifoaming agents where the defoaming ability depends on 
the contact angle (>90° contact angle good defoaming ability) and the surface roughness of 
the particles as well [153]. Increase of particle concentration decreases the apparent surface 
tension of a water suspension [154].  
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2.5.2. Metal foams 
 

The key question what divides the metal foam scientist is, which parameter is essential 
to explain the foam stability the viscosity or the surface tension. Although viscosity 
measurements are carried out in several cases, surface tension appeared just like a possibility 
in some paper. 

Metal foams of CYMAT, HYDRO, FORMGRIP and METCOMB show analogy with 
some nowadays investigated “dirty water” foam systems, where particles stabilize the liquid 
non-metallic foams. To produce stable liquid-metal foam – by blowing gas into the melt– a 
minimum amount of solid particles is necessary [155]. The first stability map of metal foams 
was published by I. Jin [51]. This map theoretically was revised by Kaptay [156]. Banhart 
summarized in his paper the recent metal foam production technologies and the liquid-metal 
foam stability theories [157]. Gergely et al [158] are stating that viscosity increases with 
particle content and reducing the temperature close to the melting point slows down the 
vertical motion of liquid. Ip et al [155] suggests that solid particles lead to flatter curvatures 
around the Plateau borders, which reduces suction of metal from the cell wall into the border. 
Kaptay pointed out that wetting angle has to be in a certain range and particles stabilize the 
gas/liquid-bubble interface. In the framework of a model, assuming a single layer of particles 
between in the cell wall it was shown that the foam is stabilized only in the interval of the 
contact angles 10 - 90 degrees [159]. However, when a presence of a double, or a "double+" 
layer of particles is assumed to be in the cell wall, this interval increases to 10 - 129 degrees, 
or 10 - 170 degrees, accordingly. Calculating the probability function of foam stability 
optimum values was found θ = 75, 87 and 89 degrees in single, double and “double+” layers 
respectively. No stabilizing effect can be seen below 30% surface coverage of bubbles by 
particles [160]. 

Particles can agglomerate on the surface of rising bubble during liquid-metal foam 
production in a similar way as flotation. Leitlmeier et al. measured increase of the volume 
fraction of particles in the foam ( f

px ) by the traveling distance of the bubble in the melt. 
Below a critical traveling distance foam wasn’t able to produce [10]. Ip et al. suggested that 
complete coverage of the bubble surface by the particles is not required to attain stable liquid-
metal foam. 50 % of minimum surface coverage of the cell wall ( s

px ) was assumed [155]. 
It is thought that films of metallic melt cannot be stretched so thin as aqueous films. 

Metallic melt films and liquid-metal cell walls usually rupture below the thickness of 30-150 
µm. It was found that the cell wall thickness depends on: a) the particle diameter [158] (larger 
particle produce thicker, smaller particle thinner cells walls and b) the composition of the 
alloy [161, 162, 163, 164, 165] (Table 11) although systematic experiments have not been 
carried out yet. Information is still missing about the effect of the particle materials and of the 
foaming temperature on the cell wall thickness. 
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Table 11. Minimum cell wall thickness of aluminum foams (made from precursor without 
particles) 
Raw material designation Cell wall thickness, µm Source 
Al 100 [161]*  
AlSi2 80 [161]*  
AlSi6Cu4 51 [162]*  
AlSi7 52 [162]* 
AlSi10 60-70 [163]*,** 

AlSi10Mg0.6 30-50 [164]*,** 

AlSi12 80 [161]* 
AlSi12Mg0.6 60-80 [165]*,** 

* Powder route, no temperature data, **estimated from a graphical representation 
 

Cell diameter cell wall thickness relationship of CYMAT foams was published by J. 
T. Wood [166] (Fig. 27). The cell wall thickness can be considered constant at large cell sizes. 
 

0 5 10 15 20 25
45

50

55

60

65

70

75

80

85

90

C
el

l w
al

l t
hi

ck
ne

ss
, µ

m

Average cell size, mm

 
Fig. 27. Cell wall thickness in the function of the average cell size of CYMAT foam [166] 
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2.6. Open questions  
 

It was a strong motivation to answer the following question during my research work. 
These are the basic scientific questions of metal foam producers and tried to be answered at 
the end of the Ph.D. dissertation. 
 
What is the apparent surface tension of particle-reinforced aluminum melt? 
 

Apparent surface tension decrease is a key theoretical explanation of aqueous film 
stability. How is it possible to determine the apparent surface tension of metallic melt 
dispersions? Are the particles surface-active? Is there any similar effect of particles as 
surface-active agents in the case of MMC melts?  

 
How do the process parameters influence the cell wall structure? 
 

Cell wall structure means both the geometry and microstructure of the metal foams. 
The complex examination of process parameters to the cell wall structure hasn’t been fulfilled 
yet. How matrix composition, materials of the particles and foaming temperature influence 
the cell wall thickness? What is the amplitude of drainage during isothermal conditions? What 
is the effect of particle material or surface on the cell wall thickness? Is there any reactions 
between the particles and the melt? 
 
What is the effect of the blowing gas? 
 

The literature overview showed that the effect of the blowing gas is not investigated 
properly. Strong surface skin would enhance the surface viscosity and elasticity thereby 
decreasing the drainage and increasing the resistance against rupture respectively. In the 
foaming temperature range (660-800°C) only oxide formation occurs. The up to now used 
gases only contain oxygen or nitrogen as a reactive component. Nitride formation only occurs 
above 800°C [89] influenced by the oxygen partial pressure in the system. Accordingly, the 
role of the oxide skin in foam stability, the effect of the alloying elements and the oxygen 
partial pressure on the oxide layer formation are the basic questions. 
 
How is this liquid-aluminum foam stabilized? 
 

The first fact is that the nonmetallic foams stability based on similar phenomena. 
These are based on surface-active components as molecules or particles; even the basic 
physical parameters are different (Table 12). 
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Table 12. Summary of the properties of different foams 
 Water [140] Polymer [33] Glass [144] Metal [162] 

Surface tension of a one 
component liquid, N/m 

0.078 0.03-0.004 0.5 1 

Viscosity of a one 
component liquid, Pa s 

0.001  1 10-1-2.5 1010 0.1-1  0.003 

Cell wall thickness before 
rupture, µm 

0.006 
Black film  

0.4-0.85  0.1-0.5 40-100 ? 

Surface-active agents 
decreasing surface tension 

Surface-active 
molecules 

and/or 
particles 

Silicone 
molecules or 

block 
copolymers 

Glass forming 
and surface-

active elements 
(P, Na, Si, B ...) 

Particles ? 

 
The second fact is that the development and stability of a liquid foam is governed by 

three main processes [16]: 
• Drainage: liquid will drain through the Plateau border channels until an equilibrium 

state is reached.  
• Coarsening: it is questionable if gas diffuses between bubbles to make some grow 

while others shrink and disappear. The gas pressure being function of temperature 
rather causes that the average bubble size grows in time.  

• Rupture: if the cell wall gets too thin and weak, it will rupture. Eventually the foam 
will collapse and vanish.  

 
The third fact is that the various foam stability theories are largely similar and 

complementary (Table 13). Each of them assume a local thinning on the cell wall which may 
be result of drainage or the action of a sudden force, such as a thermal, pressure, or vibrational 
shock. 
 
Table 13. Major theories of foam stabilization against film rupture  
Theory by Date Model 
Plateau [167] 1869 Surface viscosity 
Marangoni [168] 1871 Surface elasticity 
Gibbs [169] 1878 Film elasticity 
Ewers and Sutherland [170] 1952 Surface transport 
Wasan [134] 1992 Structural force 

? ? ? 
 
The fourth fact is that one component liquid cannot be foamed. The second component 

can influence the two important parameters of foaming as viscosity and surface tension. In 
nonmetallic foam it is justified that increasing viscosity is not enough to produce foam but to 
decrease surface tension would be sufficient [14].  

In order to answer how this specific aluminum foam is stabilized, firstly some other 
questions have to be clarified: 

• What is the role of apparent surface tension in the foam stability? 
• Do the ceramic particles agglomerate on the surface of the cell walls?  
• What is the minimum surface coverage of particles on the cell wall required for stable 

liquid-metal foam? 
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3. Experiments 

3.1. Materials1 
 

The materials subjected for investigation can be divided into 5 groups. Pure alloys 
without particles, Duralcan metal matrix composites (MMC), further alloyed Duralcan 
MMCs, MMCs produced by LKR and raw material of the CYMAT foam. All of the MMC 
had wrought or cast aluminum alloy matrix reinforced by 10-20 µm size Al2O3 or SiC 
particles. The composition of the raw materials is listed in Table 14. 
 
Table 14. Raw materials prepared for foaming 
 Raw material 

designations 
Duralcan  
raw mater. 
designation 

Si, 
wt% 

Fe, 
wt% 

Cu, 
wt% 

Mn, 
wt% 

Mg, 
wt% 

Ni, wt% Ti, 
wt% 

Particles, 
vol% 

Mean particle size, µm 
(grit nmb) 

Al99  0.3 No  
1 AlMg3.5  - - - - 3.5 - - No  

AlSi10Cu3Ni1.5/SiC/20p F3D20S 10.07 0.97 3.13 0.59 0.39 1.44 - SiC, 20 13 (F500) 
AlSi10Cu3Ni1.5/SiC/10p F3D10S 9.96 0.97 3.45 0.41 0.43 1.39 - SiC, 10 9 (F600) 

AlSi9Mg0.6/SiC/20p F3S20S 9 0.16 0.2 
max - 0.6 - 0.12 SiC, 20 10 

AlSi9Mg1.2/SiC/20p F3S20S 9 0.16 0.2 
max - 1.2 - 0.12 SiC, 20 10 

AlMg1SiCu/Al2O3/22p W6D22A 0.56 0.13 0.23 0.002 1.03 0.001 - Al2O3, 
22 20 

2 

AlMg1SiCu/Al2O3/10p W6A10A 0.40-
0.8 

0.7 
max 

0.30 0.004 0.740 - - Al2O3, 
10 

11 

AlMg1SiCu/Al2O3/6.8p W6A10A 0.40-
0.8 

0.7 
max 

0.15-
0.40 

0.15 
max 

0.8-1.2 - - Al2O3, 
6.8 

11 

AlMg1SiCu/Al2O3/5.2p W6A10A 0.40-
0.8 

0.7 
max 

0.15-
0.40 

0.15 
max 0.8-1.2 - - Al2O3, 

5.2 11 

AlSi2/Al2O3/10p W6A10A 2 0.7 
max 0.31 0.005 0.697 0.03 - Al2O3, 

10 11 

AlSi5/Al2O3/10p W6A10A 5 0.7 
max 0.27 0.008 0.680 0.03 - Al2O3, 

9.5 11 

AlSi10/Al2O3/10p W6A10A 10 0.7 
max 

0.28 0.032 0.644 0.04 - Al2O3, 9 11 

AlSi10Cu3/Al2O3/10p W6A10A 10 0.7ma
x 

2.57 0.031 0.537 0.04 - Al2O3, 9 11 

AlSi10Cu3Ni1.5/ 
Al2O3/10p W6A10A 10 0.7ma

x 2.71 0.033 0.506 0.68 - Al2O3, 9 11 

AlSi10Cu3Ni1.5Mg3/ 
Al2O3/10p W6A10A 10 0.7ma

x 2.03 0.035 3.249 0.73 - Al2O3, 9 11 

3 

AlSi10/SiC+ 
Al2O3/10p+0,5p F3D10S 10.07 0.97 3.13 0.59 0.39 1.44 - SiC, 10; 

Al2O3, 0.5  

AlMg3.5/Al2O3/30p  - - - - 3.5 - - Al2O3, 30 3 (F1200) 
AlSi10Mg/Al2O3/12.5p  10 - - - 1 - - Al2O3, 12.5 23 (F360) 

AlSi10Mg/SiC/10.5p  10 - - - 1 - - SiC, 10.5 29 (F320) 4 

AlSi10Mg/SiC/11.5p  10 - - - 1 - - SiC, 11.5 625 and 129 (bimodal) 
(F30 and F100) 

5 Cymat   12 - - - 0.6 - - SiC, 10 10-20 

 
The Duralcan composite is produced by stirring of liquid-aluminum alloys with 

nonmetallic particles [171]. At LKR the particles were incorporated into the melt by high-
pressure liquid infiltration. Additional alloying of Duralcan composite was carried out just 
before foam production. Composition data has been received from the MMC producer or after 
further alloying the matrix was analyzed by Atomic Absorption Spectroscopy. The presence 
of ceramic particles hampers the use of other analytical or spectroscopic method. 

 
 

                                                 
1 LKR MMC samples were made by Maria Papakyriakou. János Lakatos carried out the AAS measurements. 
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3.2. Calorimetry2 
 

Netzsch DSC 204 and 404 Differential Scanning Calorimeters were applied to 
determine the solidus and liquidus temperature of the MMCs. The measurements were carried 
out in nitrogen atmosphere with 5 K/min heating and cooling rate. The evaluation of the 
measurements was performed by the DSC 204 MS Windows  compatible software. The 
DSC 204 and 404 measurements were comparable. 

3.3. Apparent surface tension measurement method3 
 

Considering the advantages and disadvantages of the high temperature surface tension 
measurement methods a self constructed High Temperature Maximum Bubble Pressure 
Tensiometer (HTMBPT) was built at University of Miskolc. This equipment is able to 
determine the apparent surface tension of MMC melts but was not constructed for foam 
production because only a small amount of bubbles could be produced. The main features of 
the HTMBPT are:  

a) a computer controlled vertical electrical furnace up to 1000 °C (Fig. 28),  
b) a compressor producing pressurized air,  
c) a data acquisition computer with Geni-Daq software for temperature and pressure data 

(Fig. 30),  
d) ADAM module and K-type thermocouples for temperature measurements (Fig. 29),  
e) 1 and 0.1 bar Hottinger-Baldwin pressure sensors  
f) manual flow rate controller with a gas flow capillary,  
g) Al2O3 capillary with 1.06mm outside and 0.40mm inside diameter.  

 

 
Fig. 28. High temperature MBP 

furnace 

 

 
 

Fig. 29. Temperature and pressure sensor system of 
high temperature MBP method 

 

                                                 
2 The DSC measurements were made in cooperation with Dóra Czél and Ferenc Tranta. 
3 The HTMBPT was constructed by myself. 
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Fig. 30. Data display during measurements 
 

The alloy was melted in a clay-graphite crucible produced by Mars-Global type A10. 
The dimension of the crucible was: height 200mm, bottom outside diameter 115mm, upper 
outside diameter 160mm. The bubbling rate was set to 30 bubbles/min and the immersion 
depth of the capillary to 15 mm during the experiments. The bubble pressure and temperature 
of the melt were registered at a frequency of 10 Hz. 

The temperature measurement was calibrated with the cooling curve of pure 
aluminum. Good correlation was found and further corrections weren’t necessary. 1 m long 
Torricelli tube was applied in order to calibrate the pressure measurement. The zero point and 
the amplification were set. The availability of the whole system for surface tension 
measurement was justified by surface tension measurements of water. The DSC 
measurements ensured that the liquidus temperature of the measured alloy is lower than the 
applied temperature of the aluminum. During the measurement the aluminum alloy was in 
liquid state. 
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3.4. Foaming4 
 

Soapy water films can be pulled out from the solution on a wire frame. This film can 
be considered as a single cell wall of a foam. Before any foaming experiment single cell wall 
pull out test demonstrated the stability of liquid MMC films and the instabilities of particle 
free liquid-aluminum alloys. 

The aluminum liquid foam was produced by gas injection into a melt in an adiabatic 
furnace. The applied foaming equipment was constructed for these experiments. Oxygen, air 
and nitrogen with 3 ppm oxygen were used as foaming medium. Due to a special gas injector 
the bubble formation was well controlled. The gas bubbles could float towards the melt 
surface where liquid-aluminum foam generated. The foaming temperature usually was kept 
around 700°C (above liquidus), based on the DSC results. During foaming the temperature 
inside the furnace was measured by an ADAM module and K-type thermocouples with 10 
Hz. Typical time-temperature curve of the foam and the melt is shown in Fig. 31. From the 
temperature history the blowing time and the isothermal holding time (tiht) can be determined 
easily. The blowing time was set to 40s in all experiment around. 
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Fig. 31. Typical temperature history curve of the melt and the foam during foam production 

 
The foaming process was governed by controlling the pressure and flow rate of the 

blowing gas. Uniform cell size within foams of a quarter of a liter could be produced in a 
wide density range due to the injector geometry and material, and the gas supply parameters. 
After isothermal holding in the adiabatic furnace the liquid foam was taken out and solidified 
in air or water (cooling rates were 10 and 100 K/s respectively). During our experiments the 
cell size of 10 mm in diameter was tried to keep constant. The bubbles are generated in the 
same depth of the melt. The gas melt reaction time was scattered by the blowing and the 
solidification time (in case of no isothermal holding 10-3 s depending on the cooling medium, 
air or water respectively). The outside atmosphere air contained water forming small 
hydrogen bubbles in the outer part of the foam after extended isothermal holding time. 

                                                 
4 Foam was made in cooperation with Dietmar Leitlmeier. 
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Different foams were produced (Fig. 32) in order to clarify the effect of  
• particle materials and volume percent,  
• matrix alloy composition and foaming temperature, 
• isothermal holding time (t iht), 
• and foaming gas on the structure and stability of the liquid-aluminum foam. 

 

 
 

Fig. 32. Different density Metcomb foams 
 

3.5. Structural examination methods and sample preparation 
 
3.5.1. Cell wall thickness measurement by micrometer 
 

The average cell wall thickness was determined by a high precision conical 
micrometer with sharp angle. During all of the measurements the micrometer was 
perpendicular to the cell wall. Each result is based on the statistical analysis of 100 individual 
data. The resolution of the measurement was 5 µm.  
 
3.5.2. Light Optical Microscopy5 
 

Each foam was characterized by 30 mm x 30 mm x 5 mm middle top cut. In order to 
prepare the sample for examination the centers of cell walls were perforated with a sharp wire 
to produce open pores. Commercial acryl resin was used for embedding (polyester resin has 
lower shrinkage but requires more complicated preparation technique). Diamond disk 
grinding was followed by polishing with 9,6 and 3 µm diamond abrasive. The samples finally 
were cleaned with wet polishing cloth. All grinding and polishing accessories and ingredients 
are products of Struers Ltd. The polishing procedure is summarized in Table 15. 
 

                                                 
5 Lászlóné Nagy prepared the samples for LOM and SEM examinations with personal guidance. 



Norbert Babcsán: Ceramic Particles Stabilized Aluminum Foams  

43 

Table 15. Polishing procedure 

Stage 
Nr. Support Abrasive Loading 

Disk 
Rotating 

Speed 
(rpm) 

Time 
(min) Lubricant 

1 Grinding 
wheel 

   to remove the 
resin 

 

2 Diamond disk Piano 
220 

strong 
hand 300 up to plane Diamond 

suspension 

3 Polishing cloth 
DP DUR 

9µm 35N 150 10 Diamond 
suspension 

4 Polishing cloth 
DP DUR 6µm 35N 150 6 Diamond 

suspension 

5 Polishing cloth 
DP MOL 3µm 35N 150 6 Diamond 

suspension 

6 Polishing cloth 
OP-CHEM OPS 35N 150 2-3 OPS 

7 Polishing cloth 
DP Plan No hand 150 2-3 Water with 

detergent 
8 Drying    1 day  

 
In order to examine the surface coverage of the particles the surface oxide has to be 

removed. Cell wall pieces were glued to a steel holder and the polishing processes Stage Nr. 6 
and 7 were applied (Table 15). 

Leitz Laborlux 12 ME ST Light Optical Microscope (LOM) was connected with 
Hitachi 3CCD color digital camera. The pictures were stored in digital format with a 480x480 
pixel resolution. 
 
3.5.3. Scanning Electron Microscopy6 
 

Examinations were carried out with Amray 1830 I Scanning Electron Microscopy 
(SEM) and EDAX DX4 EDS system using ultra thin Be window. Gold deposited LOM 
samples were used. SEM pictures were created in back scattered electron (BSE) or secondary 
(SE) electron mode. The pictures were stored in digital format with 768x624 pixel resolution. 
 
3.5.4. Image Analysis 
 

Quantimet 500 Image Workstation was applied to determine the volume fraction of 
particles and the cell wall thickness by image analysis (IA). Both LOM and SEM pictures 
were used and evaluated by well-known image analyses steps and stereological methods 
[172]. Equality of volume fraction of particles with area fraction was considered.  

Volume fraction of particles in the cell wall and cell wall surface coverage of the 
particles were estimated by determination of area fraction of particles on different 
microscopic pictures. 

Cell wall thickness was determined with 1 µm accuracy by the Image Analysis. Before 
the measurements the system was calibrated by the help of a micron scale. In every sample at 
least 5 half-cut cell walls – perpendicular to the polishing plane – were chosen. The 
measurements were carried out manually on every LOM picture. At least 10 pictures of every 

                                                 
6 SEM pictures and EDAX measurements were made together with Árpád Kovács. 
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cell wall and per picture 10 thickness measurements were performed. The reasonable number 
of the measurements (400) was decided after 800 individual measurements from the average 
cell wall thickness and standard deviation plots (Fig. 33 and Fig. 34). Results are evaluated by 
statistic, summarized in the appendix.  
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Fig. 33. Average cell wall thickness in the 
function of the number of the measurement 
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Fig. 34. Standard deviation in the function of 

the number of the measurement 
 
3.5.5. X-ray diffraction7 
 

Seifert ISODEBYEFLEX2002 generator was used with HZG4 goniometer, Freiberger 
Prezisionsmechanik proportional counter and Co tube. 30kV acceleration voltage, 25 mA 
current, Fe absorption filter, apertures (gate 0,52 mm, Soller 0.5/25, vertical 10 mm, 
scattering 1,09 mm, detector 0.22 mm) were applied. Diffraction interval was 25-125° with 
0.1° steps. APX63 (FPM) was used as controlling and evaluation software. PADS and XDB 
phase analytical software were also used with PDF data basis. Both smoothed cell wall faces 
and polished bulk surfaces were measured. 
 
3.5.6. Transmission Electron Microscopy8 
 

In order to prepare the sample for TEM measurements, cell walls were broken from 
inside the foams. At least 5 cell wall fragments of 1.5 x 1.5 mm² size were placed 
perpendicular into a rectangular hole of 3 mm outside diameter Al disks. The disk was 
smoothly clamped in order to fix the walls. Finally the interspaces were filled with SiC 
particle filled resin. The sample sandwich disk was ground and polished down to 0.05 mm 
thickness. Ion beam etching (Ar ion max 10 keV) was used in a flat angle (<=5 degree) to thin 
the samples from the one and later from the other side until a small hole was produced. The 
edge of the hole is examined and the surface oxide layer structure and thickness of the foams 
were characterized. 

One part of the TEM pictures was made with JEOL 2000FX-II type with 200kV 
accelerating voltage in Debrecen, Hungary. Some measurement were carried out in 
Seibersdorf, Austria with Phillips CM20/TEM/STEM transmission electron microscope with 
TEM, scanning transmission (STEM) and EDAX composition analysis mode (accelerating 
voltage 200 kV, STEM resolution 2.7 nm, in combination with the STEM an energy 
dispersive X-ray analysis system by EDAX with ultra-thin Be-window). 

                                                 
7 The XRD measurements were carried out together with Jenõ Sólyom. 
8 Lajos Daróczy prepared the sample for the TEM. The measurements were done in cooperation with University 
of Debrecen and ARC Seibersdorf. 
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3.6. Overview on experiments 
 

Experiments, which were carried out on the foams and raw materials are summarized 
in the Table 16. 
 
Table 16. Experimental matrix 
Raw material 
designations 

Duralcan 
raw mater. 
designation 

Nitrogen 
min(°C) 

Air 
min(°C) 

Oxygen 
min(°C) 

Examinations 
Foaming date 

Al99   0 (725)  HTMBPT  
AlMg3.5     DSC  

AlSi10Cu3Ni1.5/SiC/20p F3D20S 
0,10,100 

(700) 
0,10,100 

(700) 
0,10,100 

(700) 
DSC, SEM, LOM 2001.Oct. and 

2001.Nov. 

AlSi10Cu3Ni1.5/SiC/10p F3D10S 
0,10,100 

(700) 
0,10 

(700) 
0,10 (700) SEM, LOM 2001.Dec 

AlSi9Mg0.6/SiC/20p  F3S20S 0 (700) 
0 (700) 
0 (800) 

0 (950)* 
0 (700) 

TEM  
(only 700°C)  

XRD and SEM (800 
and 950°C) 

2002.Febr. 
(TEM) and 
2002.Dec. 

AlSi9Mg1.2/SiC/20p  F3S20S 0 (700) 0 (700) 0 (700) TEM 2002.Febr. 
AlMg1SiCu/Al2O3/22p W6D22A 0 (700) 0 (700) 0 (700) XRD, SEM, LOM 2001.Dec. and 

AlMg1SiCu/Al2O3/10p W6A10A 0 (700) 
0 (700) 
10 (695, 
725,765) 

0 (700) 
HTMBPT, DSC,  

XRD, SEM, LOM 
2001.Dec. and 

2002.Febr. 

AlMg1SiCu/Al2O3/6.8p W6A10A    HTMBPT  
AlMg1SiCu/Al2O3/5.2p W6A10A    HTMBPT  
AlSi2/Al2O3/10p W6A10A  10 (725)  XRD, SEM, LOM 2002.Febr. 
AlSi5/Al2O3/10p W6A10A  10 (725)  XRD, SEM, LOM 2002.Febr. 
AlSi10/Al2O3/10p W6A10A  10 (725)  XRD, SEM, LOM 2002.Febr. 
AlSi10Cu3/Al2O3/10p W6A10A  10 (725)  XRD, SEM, LOM 2002.Febr. 
AlSi10Cu3Ni1.5/ 
Al2O3/10p 

F3D10S  10 (725)  XRD, SEM, LOM 2002.Febr. 

AlSi10Cu3Ni1.5Mg3/ 
Al2O3/10p 

  10 (725)  XRD, SEM, LOM 2002.Febr. 

AlSi10/SiC+ 
Al2O3/10p+0,5p  

  10 (725)  SEM 2002.Febr. 

AlMg3.5/Al2O3/30p     DSC, SEM  
AlSi10Mg/Al2O3/12.5p   0 (700)  DSC, XRD, SEM  
AlSi10Mg/SiC/10.5p   0 (700)**  DSC, XRD, SEM  
AlSi10Mg/SiC/11.5p   0 (700)**  DSC, XRD, SEM  
Cymat   ? (625)  XRD, SEM  
Isothermal holding time in min (melt temperature  and foaming temperature measured by 
thermocouple inside the foam °C), 
* Foam is collapsed soon after blowing with air (the MMC was kept at 950°C until 2h before 
foaming), ** not possible to produce foam from those MMCs 
DSC: Differential Scanning Calorimetry, XRD: X-ray diffraction, HTMBPT: High 
Temperature Maximum Bubble Pressure Tensiometry, SEM: Scanning Electron Microscopy, 
LOM: Light Optical Microscopy 
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4. Results 

4.1. DSC results on MMCs   

DSC curves of AlMg3.5 alloy and MMC are shown in Fig. 35. The DSC curves of 
different particle reinforced Al10Mg MMCs is summarized in Fig. 36. 

 
Fig. 35. Curve-1: Heating 5 K/min, AlMg3.5; Curve-2: Heating 5 K/min, AlMg3.5/Al2O3/30p 
(3µm); Curve-3: Cooling 5 K/min, AlMg3.5; Curve-4: Cooling 5 K/min, AlMg3.5/Al2O3/30p 

(3µm) 

 
Fig. 36. Curve-1: Heating 5 K/min, foam of AlSi10Mg/ Al2O3/12.5p (23µm); Curve-2: 

Heating 5 K/min, AlSi10Mg/SiC/10.5p (29µm); Curve-3: Heating 5 K/min, 
AlSi10Mg/SiC/11.5p (625µm); Curve-4: Heating 5 K/min, AlSi10Mg/ Al2O3/12.5p (23µm); 

Curve-5: Cooling 5 K/min, foam of AlSi10Mg/ Al2O3/12.5p (23µm); Curve-6: Cooling 5 
K/min, AlSi10Mg/SiC/10.5p (29µm); Curve-7: Cooling 5 K/min, AlSi10Mg/SiC/11.5p 

(625µm); Curve-8: Cooling 5 K/min, AlSi10Mg/ Al2O3/12.5p (23µm) 
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Solidus and liquidus temperatures of the examined alloys and MMCs are listed in 
Table 17. 
 
Table 17DSCtemp. Solidus and liquidus temperatures of the examined alloys and MMCs 
[5K/min] 
Designation Ts, °C Tl, °C Particle 

content, vol. % 
Mean particle 
size, µm (grit 
designation) 

AlMg3.5 598 638.6 No particle - 
AlMg3.5/Al2O3/30p 610 643.9 30 3 (F1200) 
AlSi10Mg/ Al2O3/12.5p 568.7 583.8 12.5 23 (F360) 
Foam of 
AlSi10Mg/Al2O3/12.5p 570 583  23 (F360) 

AlSi10Mg/SiC/10.5p 567 583.9 10.5 29 (F320) 

AlSi10Mg/SiC/11.5p 566 582.2 11.5 
625 and 129 
(bimodal) (F30 
and F100) 

AlMg1SiCu/Al2O3/10p 642.3 651.0 10 11 

4.2. Apparent surface tension 
 

Typical bubble pressure fluctuation during liquid aluminum bubbling is shown in Fig. 
37. Average time between two bubbles is 1.4 s. The surface tension of pure Al at 732°C is 
shown in Fig. 38. 
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Fig. 37. Bubble pressure of liquid Al at 732°C with 1.06 mm diameter capillary 
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Fig. 38. Measured surface tension of pure Al at 732°C 

 

Apparent surface tension measurements were performed on Al2O3 stabilized wrought 
alloy series (AlMg1SiCu/Al2O3/10p, 6.8p and 5.2p) and pure aluminum (Al99). The results 
showed strong dependence of apparent surface tension on particle concentration (Fig. 39). 
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Fig. 39. Surface tension of Al MMCs  

in function of Al2O3 particle content of the melt at 700°C 
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4.3. Geometrical structure  
 
4.3.1. Macrostructure 
 
Liquid-aluminum films 
 

Single cell wall was pulled out vertically from liquid AlSi10Cu3Ni1.5/SiC/20p MMC 
with horizontal and vertical wire frame. The horizontally pulled out MMC film had a spoon 
shape (Fig. 40) while vertically pulled out film was flat (Fig. 41). It was not possible to 
produce liquid film bigger than 3 cm in diameter on the vertical frame but the maximum film 
size on horizontal wire frame was found to be larger. The same experiment with particle-free 
aluminum melt was unsuccessful. 
 

 
 

Fig. 40. Horizontally pulled out MMC melt film 
on a wire frame 

 
 

Fig. 41. Vertically pulled out MMC melt 
film on a wire frame 

 
As produced foams 
 

Macrostructure of foams – produced form different Duralcan raw materials by 
different foaming gas and isothermal holding times at 700°C – are shown in Fig. 42, Fig. 43, 
Fig. 44 and Fig. 45. The bubble traveling distance in the melt was 150 mm. 
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a) tiht=0 min, nitrogen  

b) tiht=0 min, air c) tiht=0 min, oxygen 

 
d) tiht=10 min, nitrogen 

 
e) tiht=10 min, air 

 
f) tiht=10 min, oxygen 

g) tiht=100 min, nitrogen 

 
 
 

 
Fig. 42. Foams made from AlSi10Cu3Ni1.5/SiC/10p raw material 
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a) tiht=0 min, nitrogen 

 
b) tiht=0 min, air 

 
c) tiht=0 min, oxygen 

 
d) tiht=10 min, nitrogen 

 
e) tiht=10 min, air 

 
f) tiht=10 min, oxygen 

 
g) tiht=100 min, nitrogen  

h) tiht=100 min, air 
 

i) tiht=100 min, oxygen 
 

Fig. 43. Foams made from AlSi10Cu3Ni1.5/SiC/20p raw material 
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a) tiht=0 min, nitrogen 

 
b) tiht=0 min, air 

 
c) tiht=0 min, oxygen 

 
Fig. 44. Foams made from AlMg1SiCu/Al2O3/10p raw material 

 

 
a) tiht=0 min, nitrogen 

 
b) tiht=0 min, air  

c) tiht=0 min, oxygen 
 

Fig. 45. Foams made from AlMg1SiCu/Al2O3/22p raw material 
 
Defects in the foam structure 
 

Different defects were found by the macroscopic observations. First type appeared 
only in case of nitrogen-foamed samples as rupture (Fig. 46), coagulation (Fig. 47) and 
collapse (Fig. 48). The second type called small bubbles (Fig. 49) was developed on the top 
of all foam samples after 100 min isothermal holding.  
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Fig. 46. Rupture of the cell 
wall on the surface of the foam 

 
 

Fig. 47. Coagulation of two cell 
walls, visible remnant at the 
bottom left side of the cell  

 
 

Fig. 48. Collapse of a cell 
wall (wrinkles) 

 

 
 

Fig. 49. Small secondary bubbles inside the cell walls 
 
Statements from macrostructural examinations: 

• The sizes of the foams are approximately 15 cm. 
• The sizes of the bubbles are approximately 10 mm.  
• All cells have polyhedral structure. 
• Oxygen and air foamed samples were free from cell wall rupture even after 100 min 

isothermal holding at 700°C. 
• On the top of the foam the bubbles get smoother, as the isothermal holding time is 

longer (compare Fig. 43.b and Fig. 43.h), the particle concentration reduces (compare 
Fig. 42.b and Fig. 43.b), the foaming gas has lower oxygen content (compare Fig. 43.h 
and Fig. 43.i or Fig. 43.a and Fig. 43.b) when the particles are SiC (compare Fig. 42.b 
and Fig. 44.b). 

• Obvious differences in defects were not found between air and oxygen foamed samples. 
• The cell wall rupture delays with increasing SiC content (compare Fig. 42.d and Fig. 

43.d) 
• There is no further visible drainage after 10 and 100 min isothermal holding time. 
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4.3.2. Cell wall structure 
 

Thickness distribution along the cell wall between the Plateau borders, cross section of 
the cell wall and thickness distribution of the whole foam were examined. 
 
Cell wall geometry 
 

The cell wall thickness (along the cell wall) was found to be almost constant (Fig. 50). 
Nevertheless, there are local inhomogeneities and the thickness increases near to the Plateau 
border. The cell wall surface is smooth. Its roughness is in the range of the particle size (Fig. 
51). Low amplitude wavy surface (periodic and sinusoidal) was found with particle 
agglomerates in the center of the wave in Al2O3 particle stabilized foams (Fig. 52). 
Contradictory high amplitude wavy surface was examined on the cross section of particle-free 
Al bubbles (Fig. 53). 
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Fig. 50. Thickness distribution between two Plateau borders 

 
Fig. 51. Surface roughness of cell wall of AlSi10Cu3Ni1.5/SiC/20p foam, 

blown with air 
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Fig. 52. Low frequency surface waves of cell 
wall made from AlMg1SiCu/Al2O3/22p raw 

material, SEM BS picture 

 
 

Fig. 53. High amplitude and high frequency 
surface waves of pure Al film, LOM picture 

 
Cell wall thickness measurements 
 

Both Image Analysis and micrometer measurement were applied to determine the cell 
wall thickness. To preclude any preparation failure the thickness distribution (800 thickness 
data were measured on 11 cell walls by Image Analysis) of two cross sections of the same 
foam sample were determined for comparison (Fig. 54 and Fig. 55) and identical cell wall 
thickness distribution was found. The cell wall thickness follows a lognormal distribution. 
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Fig. 54. Cell wall thickness distribution of top 
segment of AlSi10Cu3Ni1.5/SiC/20p foam, 
tiht=0 min, air, 700°C, xLogn=41 µm, xavr=47 

µm, σavr=15 
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Fig. 55. Cell wall thickness distribution of 
bottom segment of AlSi10Cu3Ni1.5/SiC/20p 
foam , tiht=0 min, air, 700°C, xLogn=42 µm, 

xavr=49 µm, σavr=15 
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Effect of particle material 
 

Foams of AlSi10Cu3Ni1.5/Al2O3/10p, AlSi10Cu3Ni1.5/SiC/10p and 
AlMg1SiCu/Al2O3/10p raw material were prepared under similar conditions to discover the 
role of the particle materials (equal amount and size of SiC or Al2O3). The foams were 
produced by blowing air and taken out from the furnace after up to 10 min isothermal holding 
time. Al2O3 particles yield thicker cell walls than SiC, see in Fig. 56 and Fig. 57. The same 
particles in casting (Fig. 56) and wrought (Fig. 58) alloys cause similar cell wall thickness. 
The average particle number across the cell wall is approximately 5 SiC and 10 Al2O3. 

A new Al2O3 particle reinforced aluminum composite (AlSi10Mg/Al2O3/12.5p) was 
produced by LKR. Foaming this MMC the cell wall was found much thinner (Fig. 59) than 
that from Duralcan raw material (Fig. 58). 
 

 
Fig. 56. Cross section of a cell wall of 

AlSi10Cu3Ni1.5/Al2O3/10p, SEM BS picture, 
cell wall thickness is 86 µm 

 

 
Fig. 57. Cross section of a cell wall of 

AlSi10Cu3Ni1.5/SiC/10p, SEM BS picture, 
cell wall thickness is 43 µm 

 

 
Fig. 58. Cross section of a cell wall of 

AlMg1SiCu /Al2O3/10p, SEM BS picture, cell 
wall thickness is 83 µm 

 
Fig. 59. Cross section of a cell wall of 

AlSi10Mg/Al2O3/12.5p, SEM BS picture, 
cell wall thickness is 35-50 µm 
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Local Al2O3 particles’ conglomeration within the cell wall was observed in foamed 
mixed MMC, which increases the cell wall thickness (Fig. 60). SiC particles, identified by 
EDS, decorate the cell wall surfaces. 
 

 
Fig. 60. SiC based system with Al2O3 addition, both component made from Duralcan MMCs, 

tiht=0 min, air foamed, SEM BS picture 

 

Effect of foaming temperature and matrix composition 
 

Series of alloys with constant Al2O3 particle content (AlMg1SiCu/Al2O3/10p, 
AlSi2/Al2O3/10p, AlSi5/Al2O3/10p, AlSi10/Al2O3/10p, AlSi10Cu3/Al2O3/10p, 
AlSi10Cu3Ni1.5/Al2O3/10p and AlSi10Cu3Ni1.5Mg3/Al2O3/10p) were foamed with air to 
clarify the effect of alloying elements on the cell wall thickness. In the first three foaming 
sequences the effect of foaming temperature was studied. Then the same melt was alloyed by 
Si (2, 5, 10 wt%), Cu (3 wt%), Ni (1.5 wt%) and finally Mg (3 wt%).  

The cell wall thickness distributions – determined by Image Analysis after 10 min 
isothermal holding time – at different temperature  are shown in Fig. 61, Fig. 62 and Fig. 63. 
It is to see that increasing temperature causes thinner walls.  
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Fig. 61. Cell wall thickness 
distribution of 

AlMg1SiCu/Al2O3/10p foam, 
tiht=10 min, air, 695 °C, 

xLogn=97 µm, xavr=112 µm, 
σavr=33, xmicrm=122 µm 
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Fig. 62. Cell wall thickness 
distribution of 

AlMg1SiCu/Al2O3/10p foam, 
tiht=10 min, air, 725 °C, 

xLogn=79 µm, xavr=89 µm, 
σavr=26, xmicrm=104 µm 
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Fig. 63. Cell wall thickness 
distribution of 

AlMg1SiCu/Al2O3/10p foam, 
tiht=10 min, air, 765 °C, 

xLogn=77 µm, xavr=88 µm, 
σavr=27, xmicrm=95 µm 

 
Cell wall thickness distributions of differently alloyed foams  were also measured 

(Fig. 64, Fig. 65, Fig. 66, Fig. 67, Fig. 68 and Fig. 69). 
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Fig. 64. Cell wall thickness 
distribution of 

AlSi2/Al2O3/10p foam,  
tiht=10 min, air, 725 °C, 

xLogn=71 µm, xavr=77 µm, 
σavr=19, xmicrm=92 µm 
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Fig. 65. Cell wall thickness 
distribution of 

AlSi5/Al2O3/10p foam,  
tiht=10 min, air, 725 °C, 

xLogn=68 µm, xavr=74 µm, 
σavr=19, xmicrm=84 µm 
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Fig. 66. Cell wall thickness 
distribution of 

AlSi10/Al2O3/10p foam, 
tiht=10 min, air, 725 °C, 

xLogn=63 µm, xavr=71 µm, 
σavr=19, xmicrm=70 µm 
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Fig. 67. Cell wall thickness 
distribution of 

AlSi10Cu3/Al2O3/10p foam, 
tiht=10 min, air, 725 °C, 

xLogn=75 µm, xavr=84 µm, 
σavr=27, xmicrm=89 µm 
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Fig. 68. Cell wall thickness 
distribution of 

AlSi10Cu3Ni1.5/Al2O3/10p 
foam, tiht=10 min, air, 725 °C 

xLogn=64 µm, xavr=74 µm, 
σavr=26, xmicrm=93 µm 
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Fig. 69. Cell wall thickness 
distribution of 

AlSi10Cu3Ni1.5Mg3/Al2O3/ 
10p foam, tiht=10 min, air, 725 °C, 
xLogn=53 µm, xavr=61 µm, σavr=23, 

xmicrm=71 µm 
 

The average values and the standard deviations of the results are summarized in Fig. 
70 and Fig. 71. Due to the method the values determined by micrometer are regularly higher 
in every sample but tendencies are similar. 
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Fig. 70. Average cell wall thickness changes 

of Al2O3 particle stabilized foams, 
micrometer measurement, 10 min holding 
time at 725°C (-30/+40°C); w: water, a: air 

cooled samples 
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Fig. 71. Average cell wall thickness changes 
of Al2O3 particle stabilized foams, Image 

Analysis measurement, 10 min holding time 
at 725°C (-30/+40°C); w: water, a: air cooled 

samples 

 
It is to conclude that by increasing the foaming temperature, alloying Si and Mg has 

reducing effects on the cell wall thickness. Cu has a slight thickness increasing influence 
while Ni has an indefinite role. 
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Effect of isothermal holding time and foaming gas 
 

In order to determine the effect of drainage AlSi10Cu3Ni1.5/SiC/20p samples were 
investigated. The samples were blown with nitrogen and oxygen. In case of nitrogen foaming 
gas the cell wall thickness decreases during the first 10 min (Fig. 72 and Fig. 73) but later up 
to 100 min a slight increasing effect was also found (Fig. 74). The rupture of the thin cell 
walls could explain this last phenomenon. The slightly decreasing tendency is similar in 
oxygen or nitrogen but the average thickness didn’t change after 10 min using oxygen 
blowing gas (Fig. 75, Fig. 76 and Fig. 77). 
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Fig. 72. Cell wall thickness 
distribution of AlSi10Cu3- 
Ni1.5/SiC/20p, tiht=0 min, 
nitrogen, 700 °C, xLogn=51 
µm, xavr=58 µm, σavr=14 
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Fig. 73. Cell wall thickness 
distribution of AlSi10Cu3- 

Ni1.5/SiC/20p, tiht=10 min, 
nitrogen, 700 °C, xLogn=43 

µm, xavr=45 µm, σavr=8 
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Fig. 74. Cell wall thickness 
distribution of AlSi10Cu3- 

Ni1.5/SiC/20p, tiht=100 min, 
nitrogen, 700 °C, xLogn=47 
µm, xavr=50 µm, σavr=10 
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Fig. 75. Cell wall thickness 
distribution of AlSi10Cu3- 
Ni1.5/SiC/20p, tiht=0 min, 

oxygen, 700 °C, xLogn=49 µm, 
xavr=53 µm, σavr=13 
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Fig. 76. Cell wall thickness 
distribution of AlSi10Cu3- 

Ni1.5/SiC/20p, tiht=10 min, 
oxygen, 700 °C, xLogn=37 µm, 

xavr=44 µm, σavr=14 
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Fig. 77. Cell wall thickness 
distribution of AlSi10Cu3- 

Ni1.5/SiC/20p, tiht=100 min, 
oxygen, 700 °C, xLogn=40 µm, 

xavr=44 µm, σavr=10 
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4.4. Microstructure 

 

4.4.1. Microstructure of the cell wall 
 
Microstructure of the free surfaces 
 

More comprehensive examination was carried out by SEM. Due to nitrogen gas the 
SiC particles are clearly visible on the surface (Fig. 78.a). Applying oxygen blowing gas the 
surface is covered by a layer so SiC particles can be faintly recognized (Fig. 78.b). The 
surface of the small bubble is similar to that is foamed by nitrogen. Nevertheless, the particles 
were bulged from the surface (Fig. 79). 
 

 
a)  

 
b)  

Fig. 78. Cell wall surfaces of AlSi10Cu3Ni1.5/SiC/20p foams, a) blown with nitrogen,  
b) blown with oxygen (SEM BS pictures) 

 

 
 

Fig. 79. Surface of the small secondary bubbles 
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Particle volume fraction and distribution on the surface of the cell walls 
 

The particle settlements on the surface of the cell walls are demonstrated in Fig. 80, 
Fig. 81, Fig. 82, Fig. 83, Fig. 84 and Fig. 85. All foams were produced from 150 mm bubble 
rising depth, the isothermal holding time was 0 min and the foams cooled in air. In the case of 
nitrogen blowing gas the foam surface coverage is 40% (Fig. 80 and Fig. 81). The particle 
coverage of the foam surface was around 10-20 % (Fig. 84 and Fig. 85) for oxidizing blowing 
gas. 
 

 
Fig. 80. AlSi10Cu3Ni1.5/SiC/20p, nitrogen, 

original surface,  
s
px = 0.45, SEM BS picture 

 
 

Fig. 81. AlMg1SiCu/Al2O3/22p, 
nitrogen, original surface, 

s
px = 0.42 ± 0.12, SEM BS picture 

 

 
 

Fig. 82. AlSi10Cu3Ni1.5/SiC/20p, oxygen, 
original surface, SEM BS picture 

 

 
 

Fig. 83. AlMg1SiCu/Al2O3/22p, air, original 
surface, SEM BS-SE mixed picture 
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Fig. 84. AlSi10Cu3Ni1.5/SiC/10p, air, 
polished surface,  

s
px = 0.15 ± 0.02, SEM BS picture 

 
 

Fig. 85. AlMg1SiCu/Al2O3/22p, air, polished 
surface, s

px = 0.26 ± 0.04, SEM BS picture 

 
Microstructure of the matrix alloy and particle distribution in the cell wall 
 

Microstructures of the metal matrix of Al2O3 particle stabilized foams are shown in 
Fig. 86-Fig. 96. In casting alloys the SiC is often in the eutectic phase (Fig. 97). All pictures 
made with Light Optical Microscope. 
 

 
 

Fig. 86. 
AlMg1SiCu/Al2O3/10p, 

water quenched 
 

 
 

Fig. 87. 
AlSi2/Al2O3/10p, 
water quenched 

 

 
 

Fig. 88. 
AlSi5/Al2O3/10p, 
water quenched 

 



64 

 
 

Fig. 89. 
AlSi10/Al2O3/10p, air cooled 

 

 
 

Fig. 90. 
AlSi10/Al2O3/10p, water 

quenched 
 

 
 

Fig. 91. 
AlSi10Cu3/Al2O3/10p, 

air cooled 
 

 
 

Fig. 92. 
AlSi10Cu3/Al2O3/10p, 

water quenched 
 

 
 

Fig. 93. 
AlSi10Cu3Ni1.5/Al2O3/10p, 

air cooled 
 

 
 

Fig. 94. 
AlSi10Cu3Ni1.5/Al2O3/10p, 

water quenched 
 

 
 

Fig. 95. 
AlSi10Cu3Ni1.5Mg3/ 
Al2O3/10p, air cooled 

 
 

Fig. 96. 
AlSi10Cu3Ni1.5Mg3/ 

Al2O3/10p, water quenched 

 
 

Fig. 97. 
AlSi9Mg0.6/SiC/20p, 

air cooled 
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The features of the particle agglomeration of SiC or Al2O3 stabilized foam samples 
were examined. After freezing liquid foams the particles show different distributions in the 
solid foam. Various particle arrangements were observed: random (Fig. 98), network type 
(Fig. 99), cluster (Fig. 100) and surface segregated (Fig. 101 and Fig. 102) structures. Al2O3 
system preferred clustering while SiC system network forming. 

In both systems particles were segregating to the liquid gas interface. SiC has a 
tendency to form single particle layers on the surface (Fig. 101) while Al2O3 prefer to create 
particle clusters close to the surface (Fig. 100). 
 

 
 

Fig. 98. Random particle distribution of 
Al2O3 particles, AlMg1SiCu/Al2O3/22p, SEM 
BS picture, cross section, tiht=0 min, nitrogen 

foamed, air cooled 

 
 

Fig. 99. Networks of SiC particles, 
AlSi10Cu3Ni1.5/SiC/20p, LOM picture, 
cross section, tiht= 0 min, air foamed, oil 

quenched 
 

 
 

Fig. 100. Al2O3 particle clusters, 
AlMg1SiCu/Al2O3/10p, SEM BS picture, 

cross section, tiht=0 min, nitrogen foamed, air 
cooled 

 
 

Fig. 101. Surface segregation of SiC particles, 
AlSi10Cu3Ni1.5/SiC/20p, LOM picture, 
cross section, tiht= 0 min, air foamed, oil 

quenched 
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Fig. 102. Particles on the small bubbles surface, cross section, air cooled 
 

The cell wall thickness of SiC particle stabilized foams locally can reach single (Fig. 
103), double (Fig. 104) particle size but usually the thickness is four times that of the particle 
size (Fig. 57). Al2O3 particle clusters could form 10-20 particles thick cell walls. These 
particle clusters ordered into double (Fig. 105) or triple layers (Fig. 106). 
 

 
 

Fig. 103. Single SiC particle thick cell wall, 
AlSi10Cu3Ni1.5/SiC/20p, LOM picture, tiht= 

10 min, air foamed, air cooled 

 
Fig. 104. Double SiC particle thick cell wall, 
AlSi10Cu3Ni1.5/SiC/20p, SEM BS picture, 

tiht= 100 min, air foamed, air cooled 
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Fig. 105. Double cluster layer Al2O3 clusters 
in cell wall (thickness: 108 µm), 

AlMg1SiCu/Al2O3/10p, cross section, SEM 
BS picture, tiht= 0 min, air foamed, air cooled 

 
 

Fig. 106. Triple layer Al2O3 clusters in cell 
wall (thickness: 218 µm), 

AlMg1SiCu/Al2O3/10p, cross section, SEM 
BS picture, tiht= 0 min, air foamed, air cooled 

 
Particle-metal interface 
 

The surface of the particle was examined by SEM. SiC particles in all foams have 
smooth surface (Fig. 107). The Al2O3 particles – in the foam made from 
AlSi10Mg/Al2O3/12.5p LKR composite – also have a smooth surface and the composition on 
the surface is the same as the particle (Fig. 108). Contradictory all the Duralcan composites 
stabilized with Al2O3 have rough surfaces (Fig. 109). The EDS analysis justified the presence 
of spinel crystals (Fig. 110). 
 

 
 

Fig. 107. The smooth surface of the SiC 
particles, AlSi9Mg1.2/SiC/20p, fractured 
surface of the cell wall, SEM SE picture 

 
 

Fig. 108. The smooth, spinel free surface of 
Al2O3 particles in the foam made of 

AlSi10Mg/Al2O3/12.5p, fractured surface of 
the cell wall, SEM SE picture 
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Fig. 109. Spinel crystals on the surface of the 
Al2O3 particles of AlMg1SiCu/Al2O3/22p, 
nitrogen foamed cell wall surface, SEM BS-

SE mixed picture 

 
 

Fig. 110. Spinel crystals on the surface of the 
Al2O3 particles, fractured surface of the cell 

wall, Al2O3 particle in the middle, raw 
material of AlMg1SiCu/Al2O3/22p, SEM BS 

picture 
 
Phases in the foams and the raw materials  
 

The phases determined by X-ray diffractions are summarized in Table 18. For the 
analysis the PDF files listed in Table 19 were used. The diffractogram of each measurement 
can be found in the appendix. 
 
Table 18. Phases in the foams and MMCs 
Raw material 
designations 

Duralcan. 
raw mater. 
designation 

Nitrogen 
min(°C) 

Air 
min(°C) 

Measurement file 
designation 

(Cell wall face or 
bulk surface)  

Identified phases in the system 
(reaction product on the 

surface of the particle with 
bold letter) 

AlSi9Mg0.6/SiC/20p F3S20S 0 (700)  cf: sicau06.val Al, Si, SiC (2-6) 
AlSi9Mg0.6/SiC/20p F3S20S  0 (700) cf: sicair6.val Al, Si, (Mg2Si), SiC (2-6) 

AlSi9Mg0.6/SiC/20p F3S20S  0 (950) bs: bn950.val 
cf: sic950.val 

Al, Si, SiC (2-6), Al4C3 (bs) 

AlMg1SiCu/Al2O3/22p W6D22A 0 (700)  cf: aloxau.val Al, α-Al2O3, MgAl2O4 
AlMg1SiCu/Al2O3/10p W6A10A  10 (725) cf: bnt2.val Al, α-Al2O3, MgAl2O4 
AlSi2/Al2O3/10p W6A10A  10 (725) cf: bnt4.val Al, α-Al2O3, MgAl2O4 
AlSi5/Al2O3/10p W6A10A  10 (725) cf: bnt5.val Al, α-Al2O3, Si, MgAl2O4 
AlSi10/Al2O3/10p W6A10A  10 (725) cf: bnt6.val Al, α-Al2O3, Si, MgAl2O4 
AlSi10Cu3/Al2O3/10p W6A10A  10 (725) cf: bnt8.val Al, α-Al2O3, Si, MgAl2O4 
AlSi10Cu3Ni1.5/ 
Al2O3/10p 

W6A10A  10 (725) cf: bnt10.val Al, α-Al2O3, Si, MgAl2O4 

AlSi10Cu3Ni1.5Mg3/ 
Al2O3/10p 

W6A10A  10 (725) cf: bnt12.val Al, α-Al2O3, Mg2Si, Si, 
MgAl2O4 

AlSi10Mg/Al2O3/12.5p   0 (700) cf: marifoam.val Al, α-Al2O3, Si 
AlSi10Mg/SiC/10.5p   0 (700) bs: bn11.val Al, Si, SiC (4H) 
AlSi10Mg/SiC/11.5p   0 (700) bs. bn09.val Al, Si, SiC (4H), Al4C3 
Cymat   ? (625) alcan1b4.val Al, Si, SiC (2-6) 
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Table 19. Standard PDF files used for the phase analysis 
Stoichiometry Phase  PDF number Quality of PDF data 
Al  40787 Optimal 
Al4C3   250799 Optimal 
Al2O3  alpha, corundum 461212 Optimal 
MgAl2O4   211152 Optimal 
Mg2Si  350773 Optimal 
Si  271402 Optimal 
SiC 2H 291126 Calculated 
SiC 3C 291129 Indexed 
SiC 4H 291127 Calculated 
SiC 6H 291131 Optimal 
 
4.4.2. Surface skin 
 

Both CYMAT and METCOMB cell wall surfaces were examined nearby the edge of a 
hole made on the thin cell wall slices (Fig. 111) by TEM and EDAX. In the CYMAT process 
the bubbles are much larger than in METCOMB process and the solidification thereby the 
reaction time is longer as well. The EDAX analysis clarified that surface skin is oxide in both 
cases. 
 

 
Fig. 111. Cell walls prepared for TEM examination, STEM picture 

 
The cell wall skin on the CYMAT sample has duplex structure. 25nm size secondary 

crystals grow in the amorphous oxide layer; primary crystals are also visible below the oxide 
layer (both primary and secondary crystals have cubic shape, most probably both is MgO, 
spinel has octahedral habit with triangles). The oxide layer thickness is around 100 nm 
together with the primary crystals (Fig. 112 and Fig. 113). Some part of the oxide layer is 
crystalline (Fig. 114). SiC particles – sitting on the surface of the cell wall – are covered by 
oxide layer (Fig. 115), which thickness (10 nm) is much thinner that is on the aluminum. 
Nanometer size particles can be found close to the oxide skin. These particles were 
characterized as spinel, MgO or Mg2Si (Fig. 116, Fig. 117 and Fig. 118). 
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Fig. 112. CYMAT surface skin, STEM picture 
 
 

 
 

Fig. 113. CYMAT surface skin,  
1: primary crystal, 2: secondary 

crystal, TEM picture 
 

 
 

Fig. 114. Crystalline oxide layer on CYMAT 
cell wall surface, TEM picture 

 

 
 

Fig. 115. Oxide layer on SiC particle sitting 
on the cell wall surface of CYMAT foam, 

TEM picture 
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Fig. 116. Nanometer size particles in the 
aluminum below the oxide skin, 1: oxide 

layer on the surface, 2: MgAl2O4 particle, 
3: Al + Mg2Si, 4: particle attached to 

oxide layer, 5: interconnecting oxide layer 
6. Al + MgO + MgAl2O4, TEM picture 

 
 

 
 

Fig. 117. Linescan from the nanosize particles, 
normalized concentration distributions 

 

 
 

Fig. 118. Linescan from the nanosize particles, 
original concentration distributions 

 
TEM analysis of METCOMB cell wall surfaces from oxygen, air and nitrogen blown 

AlSi9Mg0.6/SiC/20p samples (Fig. 119, Fig. 121, Fig. 120, Fig. 122, Fig. 123 and Fig. 125) 
and oxygen blown AlSi9Mg1.2/SiC/20p sample (Fig. 124 and Fig. 126) were carried out. The 
isothermal holding time was 0 min in all case.  
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Fig. 119. AlSi9Mg0.6/SiC/20p foamed with 
nitrogen, TEM picture 

 

 
 

Fig. 120. AlSi9Mg0.6/SiC/20p foamed with 
air, TEM picture 

 

 
 

Fig. 121. Original linescan of 
AlSi9Mg0.6/SiC/20p foamed with nitrogen 

 

 
 

Fig. 122. Original linescan of 
AlSi9Mg0.6/SiC/20p foamed with air 
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Fig. 123. AlSi9Mg0.6/SiC/20p foamed with 
oxygen, TEM picture 

 

 
 

Fig. 124. AlSi9Mg1.2/SiC/20p foamed with 
oxygen, TEM picture 

 

 
 

Fig. 125. Original linescan of 
AlSi9Mg0.6/SiC/20p 
foamed with oxygen 

 
 

Fig. 126. Original linescan of 
AlSi9Mg1.2/SiC/20p 
foamed with oxygen 
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The oxide layer consisted mainly of Al2MgO4 and its thickness varied between 10 and 
60 nm (Table 20). All of the oxide layers were compact except oxygen foamed 
AlSi9Mg0.6/SiC/20p where primary crystals were visible (Fig. 123). 
 
Table 20. The oxide layer thickness of METCOMB foams 
 N2,  

AlSi9Mg0.6/ 
SiC/20p 

Air  
AlSi9Mg0.6/ 
SiC/20p 

O2  
AlSi9Mg0.6/ 
SiC/20p 

O2  
AlSi9Mg1.2/ 
SiC/20p 

Average thickness, nm 12 ± 1 37 ± 6 62 ± 31 28 ± 9 
Data calculated from 10 independent measurements. 
 

Foaming with nitrogen can’t produce a significant oxide layer. The measured oxide 
layer can form during the sample preparation or coming from the small 3ppm oxygen 
impurity of nitrogen. By the increase of oxygen partial pressure in the foaming gas the oxide 
layer thickness also increases. On the cell wall surface SiC particle can be covered by 
aluminum oxide layer (Fig. 127, Fig. 128 and Fig. 129) in the METCOMB foam case. There 
is a hole between the SiC particle and the Al phase, which characterize the contact angle of 
SiC. 
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Fig. 128. Linescan2 of AlSi9Mg0.6/SiC/20p 
foamed with nitrogen, composition is 

normalized to Al 
 

 
 

 
 

Fig. 127. SiC particle on the surface of 
AlSi9Mg0.6/SiC/20p foamed with 

nitrogen, TEM picture 
 

 
 

Fig. 129. Linescan3 of AlSi9Mg0.6/SiC/20p 
foamed with nitrogen, composition is 

normalized to Si 
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5. Discussion 

5.1. Apparent surface tension of MMC melts 
 

High Temperature Maximum Bubble Tensiometer was constructed in order to 
determine the apparent surface tension of metallic melt suspension. After calibration the 
measurements data on pure liquid aluminum was equivalent to the calculated maximum 
bubble pressure (compare Fig. 37 with Table 5) and the literature value of oxidized aluminum 
surface tension (compare Fig. 38 with Table 7). The results gave good correlation with the 
calculated values. During the maximum bubble measurement the applied air rapidly oxidizes 
the liquid aluminum bubbles [88] as it was in our case as well. The scattering of the 
measurement data found to be 10% of the mean value (Fig. 38). Particle addition showed 
larger effect than the scattering band. The decreasing value by increasing the amount of 
particles was considerable (Fig. 39). The results correlate with the surface tension 
measurement carried out on aqueous suspensions [154]. The decreasing effect might origin 
from the smaller effective liquid area but other unclear effects can also play a role. This work, 
to our knowledge, is the first apparent surface tension measurement on liquid-metal 
suspensions. 
 

5.2. Particles in aluminum foam 
 

Particles in aluminum foam are essential components. This is demonstrated by several 
phenomena both in the literature and in the dissertation. 
 
Particle reactions 
 

Depending on the process parameters the particles can react with the melt. It is clear 
evidence that Mg in liquid aluminum can react with Al2O3 producing spinel or MgO layer on 
its surface [107]. Spinel formation (Fig. 110) was visible and measurable by XRD and EDS if 
the main alloying composition of Si and Mg were 0.56 and 1.03 wt% respectively. By 
elevated Si content (10 wt%) and similar Mg content spinel phase wasn’t able to detect 
anywhere (Fig. 108 and Table 18).  

In order to analyze this situation let us calculate the spinel reaction with and without 
Si. Assuming the Mg concentration is less than 2% the alloy can be considered as a dilute 
solution. Al2O3, MgO and MgAl2O4 form according to the following reactions.  
 

1) MgOAlMgOAl +=+
3
2

3
1

32  

2) 4232 OMgAlMgOOAl =+  
 

1+2) 4232 3
2

3
4

OMgAlAlMgOAl +=+  

The equilibrium constant (K) can be calculated from free enthalpy of reaction ( oGr∆ ) (Eq. 
(12)), 








 ∆−
=

RT
G

K r
o

exp                                                            (12) 
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where T is the temperature and R is the gas constant. The oGr∆ at different temperature 

(calculated from the free enthalpy of formation ( oGf∆ )) is listed in Table 21. 
 
Table 21. Thermodynamical data of the reaction components [173] 
T, K o

32OAlf G∆ , kJ/mol o

42OMgAlf G∆ , kJ/mol oGr∆ , kJ/mol 

1000 -1361.33 -1879.944 -64.8 
1100 -1328.14 -1834.424 -63.5 
 
The K is the following function of the activities (a) (Eq.(13)), 
 

3/4

3/2

32

42

OAlMg

OMgAlAl

aa

aa
K

⋅

⋅
=                                                              (13) 

 
where all activity values are equal 1, except Mg. The Mg activity ( Mga ) can be determined by 

the Mg content (xMg) and the Mg activity coefficient in the dilute solution ( ∞
Mgγ ) (Eq.(14)). 

 

MgMgMg xa ⋅= ∞γ                                                                 (14) 
 
From Eq.(13) and Eq.(14) the critical Mg content can be calculated by Eq.(15). 
 

∞
=

Mg
crMg K

x
γ
1

,                                                                   (15) 

 
The thermodynamical data of Mg in Al are the following [174, 175]: 

55.14)( −=∆ ∞
AlMgH  kJ/mol 

∞∆ E
AlMgS )( = + 1.25 J/mol K. 

 
From Eq.(16) and Eq.(17) one can calculate the minimum Mg content required to MgAl2O4 
formation using Eq. (18) (Table 22). 
 

∞∞∞ ∆−∆=∆ E
AlMgAlMg

E
AlMg STHG )()()(                                                     (16) 

 
where ∞∆ E

AlMgG )(  is the excess free enthalpy of dilute solution of Mg in Al, ∞∆ )( AlMgH  is the 

enthalpy of dilute solution of Mg in Al and ∞∆ E
AlMgS )(  is the entropy of dilute solution of Mg in 

Al. 
 

∞∞ ∆= E
AlMgAlMg GRT )()(ln γ                                                             (17) 
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∞
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G E
AlMg

AlMg
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)( expγ                                                          (18) 
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Table 22. The minimum Mg concentration required for MgAl2O4 formation in pure Al at 
different temperature 
T, K K ∞∆ E

AlMgG )( , kJ/mol ∞
)(AlMgγ  min),(AlMgx  

1000 2426 -15.8 0.150 2.7 10-3 (0.27 at%) 
1100 1165 -15.925 0.175 4.9 10-3 (0.49 at%) 
 

The presence of Si is influencing the activity of Mg in the liquid. The ∞
Mgγ can be 

assumed from the thermodynamical data of Mg2Si, which are the following at 1000K [174]: 
 

EG∆ = -23 kJ/mol 
 

)1( xxG E −Ω≅∆  if 3/1=x  which is the Si content in Mg2Si 
 

EE
SiMg GG ∆=∆=Ω ∞

2
9

)( = -103 kJ/mol 

 
Using the previous thermodynamical data one can calculate the excess free enthalpy of 

dilute solution of Mg in Al ( ∞
−∆ E

SiAlMgG )10( ) (Eq. (19)). 
 

1.0)( )()()()10( ⋅∆−∆+∆=∆ ∞∞∞∞
−

E
AlMg

E
SiMg

E
AlMg

E
SiAlMg GGGG                                (19) 

 
The minimum Mg concentration required to MgAl2O4 formation in Al-10Si alloy at 

1000K can be calculated using Eq. (18) and Eq. (19) (Table 23). 
 
Table 23. The minimum Mg concentration required for MgAl2O4 formation in Al-10Si alloy 
at 1000K 
T, K K ∞

−∆ E
SiAlMgG )10( , 

kJ/mol 

∞
− )10( SiAlMgγ  min),10( SiAlMgx −  

1000 2426 -24.5 0.052 7.9 10-3 (0.79 at%) 
 

This calculation result justified the experimental observations while Duralcan alloys 
have spinel formation (0.56 wt% Si and 1.03 wt% Mg) until spinel wasn’t experienced on 
particles of AlSi10Mg/Al2O3/12.5p (10 wt% Si and 1 wt% Mg). It can be concluded that Si 
might protect spinel formation. Reaction of Al2O3 with Mg decreases the Mg content of the 
matrix alloy. Cohering with AlMg phase diagram the reaction increasing both the solidus and 
the liquidus temperature (Table 17). The recent theory [111] of the minimum Mg calculation 
for the spinel formation didn’t fit well with our experimental findings. 

At high temperature the SiC also reacts with the Al melt producing Al4C3. This is the 
case in our experimental results (Table 18), which are predicted exactly by previous 
theoretical [110] and experimental [103] findings. 
 
Particle distribution 
 

Particles distribution in the melt is very often not uniform [127]. In the quenched or 
the air cooled samples the solidification effect on particle distribution can be studied. In air 
cooled samples particles can be found only in the interdendritic spaces  (Fig. 97) while in the 
quenched samples (Fig. 99) they could be considered as they were in the liquid [131, 132]. 
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The clusters were more pronounced in case of Al2O3 (Fig. 100) than for SiC (Fig. 103) and 
the agglomeration tendency increased the cell wall thickness (Al2O3 has thicker than SiC). 
Microstructural examinations clarified that particles were agglomerated on the surface of the 
cell walls in the liquid state, see quenched sample (Fig. 101). Blowing with nitrogen the 
surface segregation of particle on the cell wall doesn’t depend on the material of the particle 
(Fig. 80 and Fig. 81) and surface coverage is lower than the minimum value predicted by the 
literature [155]. If the oxide layer were present on the cell wall surface the surface 
concentration of the particles only slightly exceeds the particle volume content of the raw 
material (Fig. 84 and Fig. 85). 
 
Cell wall thickness 
 

The thinning of the cell wall of the investigated foams ceases at a given value  after 
10 min of isothermal holding time (Fig. 72-Fig. 77). It was demonstrated that this constant 
cell wall thickness depends on the material of the particles. Particles react with the aluminum 
melt and their surface will be covered by the reaction product.  

Using Al2O3 the cell wall thickness (around 80 µm see Fig. 58) was partly controlled 
by spinel layer. In absence of this layer, a smaller amount of particles remained in the thinner 
cell wall (around 40 µm see Fig. 59). The effect of alloying elements and temperature (Fig. 
71) on the cell wall thickness might be related with this interface reaction phenomenon. 
Interface energies might play an important role as well. As it is discussed previously the 
agglomeration can also increase cell wall thickness (compare Fig. 105 and Fig. 106). If spinel 
covered Al2O3 are present in SiC stabilized foam cell walls, thickness can be increased locally 
(Fig. 60). 

Increasing the temperature SiC reacts with the melt. At 950°C foaming was 
impossible and Al4C3 was found on the X-ray diffractogram (Table 18). This fact also 
emphasizes the importance and influence of chemical reactions in the liquid cell wall onto the 
cell wall thickness, which change the wetting condition. 
 

5.3. Oxide layer 
 

The oxygen contents of the applied blowing gases were 100 %, 21% (air) and 3 ppm 
(nitrogen). Structure and the composition of the oxide layer on the surface of the cell walls 
were determined by the TEM and EDAX analysis. Although second component was nitrogen, 
nitride formation didn’t occur in the applied foaming temperature range (690-800°C) (see also 
[89]). In order to compare the effect of different gases the gas-melt reaction time (around 10 
s) and the sampling were kept constant. 

The foam cell can be considered as an individual gas cell with a continuously 
changing gas and oxygen partial pressure according to changing temperature. Because of the 
bubble rising and growing dynamical interactions of the bubble surface the oxidation process 
is faster than that is in quiescent condition. This dynamical oxidation cannot be taken 
uniform. 

On the METCOMB samples parallel measurement was performed by AES [10]. Both 
AES and TEM are able to determine the thickness of the oxide layer. AES provides average 
data with lower accuracy, since TEM gives local information with higher accuracy. AES also 
gives more precise distribution of elements in the depth of the oxide skin. 

In case of TEM measurement significant differences were found between the self-
produced METCOMB and the as received CYMAT foam. The structure of METCOMB oxide 
layer was mostly homogeneous (Fig. 119, Fig. 120, Fig. 123 and Fig. 124) but the CYMAT 
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had duplex structure (Fig. 113). As it is described in the literature the oxide formation starts 
with γ-Al2O3. Because crystalline oxide grains weren’t visible on the TEM pictures this initial 
oxide layer was considered as amorphous. Among other alloying elements Mg addition has 
one of the strongest influences to the oxide formation. Mg increases the strength [80] and 
influencing the structure of the oxide layer [61, 70]. The reaction time of CYMAT foam was 
much more longer. That is the reason why secondary crystals had time to nucleate inside the 
amorphous layer (Fig. 113). Among the 4 examinations of METCOMB samples (Fig. 119, 
Fig. 120, Fig. 123 and Fig. 124) primary crystals were found only in the case of the 0.6 wt% 
Mg containing oxygen blown foam sample (Fig. 123). As it can be seen the partial pressure of 
the oxygen and the Mg content are important parameters. Most probably the primary crystals 
had less effect on the strength of the oxide layer than the amorphous part. Thicker (thereby 
stronger) compact oxide layer can be achieved by high Mg content and high oxygen partial 
pressure. 

It was justified that particles, which are outcropping from the surface of the cell wall, 
were usually covered with an oxide skin (Fig. 115). In the practice this can be present even if 
the foaming gas is nitrogen (Fig. 127). The oxide skin continuously grows during bubble 
rising. The thinner the oxide layer is, the smaller its back pushing effect on the particles. One 
consequence of this rule is the struggled surface with outcropping particles (Fig. 102 and Fig. 
79) caused by the total missing .of oxide layer in small bubbles. 

AES measurement results (made on the same foam samples) published by D. 
Leitlmeier [10] show correlation with our thickness measurements by TEM (Table 24). The 
factor of two can be derived from the insufficient thickness determination of AES 
measurement. 
 
Table 24. Comparison of oxide layer thickness on the foam cell walls made by AES and TEM 

Blowing gas Alloy Oxide layer thickness  
from AES, nm 

Oxide layer thickness  
from TEM, nm 

N2 AlSi9Mg0.6/SiC/20p 6 12 
Air  AlSi9Mg0.6/SiC/20p 18 37 
O2 AlSi9Mg0.6/SiC/20p 30 62 
O2 AlSi9Mg1.2/SiC/20p - 28 

 

After 100 min isothermal holding time the oxygen-foamed sample surface is still 
constructed by spherical cells while the air foamed sample surface shows contracted cells 
(Fig. 43). This phenomenon could be explained by the higher strength of the cell wall caused 
by the thicker oxide skin. 
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5.4. Liquid-aluminum foam stability 
 
Particle free aluminum foaming is impossible even in the presence of oxidizing 

blowing gas. 
DSC measurement results ensured that the foaming temperature was chosen properly 

(above liquidus) and solid matrix clusters don’t influence the experiments. It has to be noted 
after some minutes of blowing particle containing Al-melt some wavy surface bubble could 
be taken out from the top of the melt. Since solidification never produced sinusoidal surface 
this waves can be assumed frozen surface waves of the liquids. Since the melt viscosity 
increases during the long blowing procedure (thickening) [45] it can be assumed that the melt 
becomes step by step saturated with alumina particles. During isothermal holding of 
METCOMB foams the drainage wasn’t significant and stopped at a constant value. In the 
presence of particles single, double and more particles thick cell wall were detected by LOM 
and SEM. If the thickness of the wall was more than two particle diameter agglomerates of 
the particles were found. 

Aluminum foams show rupture and coagulation of cells caused by instabilities. On the 
surface of the foam the bubbles are often contracting if the blowing gas has no oxygen or the 
isothermal holding time is long. 

Contact angle of particles determines the foam stability of aqueous foams [14, 150, 
151]. Stability range was reported between 60 and 90 degree. It is believed that similar 
phenomena are responsible for the stabilization of particles in liquid aluminum foam [14, 
160]. The contact angle in liquid aluminum is highly influenced by the presence of oxygen 
and reactions between particles and the melt. That is the reason why the effect of contact 
angle is hard to clarify, although there are some facts. It was not possible to foam SiC 
containing melt at high temperature (because of Al4C3 formation contact angle might decrease 
from the SiC original value). Both SiC (contact angle is bigger than 60 degree) and Al2O3 
(contact angle is around 90 degree) are good foaming agents. The foam stability can be 
improved by spinel layer formation affected by the Mg and Si content of the melt. As 
received oxide layer on the SiC particle surface maybe as well an influencing factor. 

Kaptay [160] predicted that the foamability of particle stabilized liquids strongly 
depends on the concentration of particles at the surface of the bubbles. This is the case for 
nitrogen blowing gas where the foam surface coverage was found to reach 40% value (Fig. 80 
and Fig. 81). The foam stability is controlled by a more complex particle-oxide layer 
synergetic phenomenon when oxidizing blowing gas is applied. In this case the particle 
coverage of the foam surface was around the bulk particle content (10-30 %) within the cell 
walls (Fig. 84 and Fig. 85). 

Surface concentration of alloying elements doesn’t yield significant effects on surface 
tension in aluminum [92]. Drastical surface tension modification by stretching [136] is a 
requirement for elastic liquid films. Surface tension of aqueous liquids is decreased by 
particles [154]. Surface tension decreases in metallic melt suspensions of ceramic particles 
(Fig. 39). This is another reason why higher particle concentration stabilizes the aluminum 
foam. 

The surface segregation and the surface tension decreasing behavior justify that the 
particles in liquid metal foam are surface-active and determine foam stability analogous 
manner as molecular surface-active components in non-metallic liquids (
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Table 12). It is suggested to call particles surface-active agents or surfactants in liquid metals 
as long as they exhibit poor wettability as it is considered in aqueous systems. 

In-situ examination of powder metallurgical experiments (blowing gas is hydrogen 
from TiH2) [162] and ex-situ examination of our investigation with nitrogen blowing gas 
justify that applying oxygen deficient blowing gas the bubbles soon will rupture or coagulate. 
It was found that applying air or oxygen thick oxide skin formation enhances the stability of 
the foam. It is obvious that stronger oxide skin is more advantageous, although oxide layer 
strength measurement is difficult inside the bubble. Oxide layer thickness of the stable foams 
was determined by TEM measurements and was found to be above 20 nm. 

Based on the obtained results and the state of the art of the literature the following 
stabilization mechanisms  are suggested for particle containing liquid aluminum foams 
compared with the mechanism of non-metallic foams (Table 25).  
 
Table 25. Differences and similarities in stabilization mechanism of liquid foam 
 Non-metallic foams Metallic foams 
Differences • Surface-active 

agent: molecules 
• Surface-active agent: particles [149, 14] of poor 

wettability 
• Surplus stabilization: solid (oxide) skin 

Similarities • Surface-active agents are required 
• Liquid viscosity (bulk or surface) alone has no stabilizing effect. The 

drainage can be decreased but never eliminated by higher viscosity [14]  
• Surface viscosity can be increased by oxide skin (metals) or suitable 

surface-active molecules (non-metals) on the cell wall [141] 
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6. Conclusions 

 
1. The apparent surface tension of foamable liquid aluminum can be determined applying 

the self-constructed High Temperature Maximum Bubble Pressure Tensiometer. Increasing 
particle concentration has a decreasing effect on surface tension as long as the particle – 
melt system is non-wetting or at least poor wettability. 

2. The geometrical- and microstructure of particle reinforced Al foams was described. The 
size of the dendrite arms was similar to the particle size in the quenched samples. Thus the 
observed particle distribution is considered as it was in the liquid. The particle 
concentration in the cell walls is considerably higher than in the original melt. In the case 
of foaming by nitrogen the cell wall surface are enriched further by particles. 

3. The cell wall thicknesses are almost independent from blowing gases, slightly depend on 
alloying elements and foaming temperature but they are almost twice as thick for alumina 
containing matrixes than for SiC reinforcements: in the range of 100 µm (about 10 times 
the Al2O3 particles’ diameter, if spinel was formed at the interface) and 50 µm (about 5 
SiC diameters), respectively. There is some evidence that in absence of the interface spinel 
the cell wall thickness is somewhat smaller. 

4. The observed cell wall thickness remained constant even when solidification was 
delayed. Beyond the characteristic cell wall thickness drainage effects did not occur. 

5. Using an oxygen containing blowing gas produces oxide skins  on the cell wall surfaces, 
which stabilize the foam structure by their mechanical rigidity. The thickness of that oxide 
skin depends on the foaming gas and the wall material. 

6. The critical parameters influencing the foam stability of particle-reinforced aluminum 
melt are summarized: In order to have stable liquid-aluminum foam both a suitable amount 
of poor wetting particles and sufficiently thick oxide layer are necessary. The stability is 
also influenced by technology dependent reaction layers on particles, but nearly 
independent from the alloy, foaming temperature and time. 

 
The foam is just like the living body. Sooner or later it will die. If we want to live 

longer we try to avoid accidents (means acting against perturbations) and try to live healthy 
slowing down the speed of our life (slowing down the liquid drain from the foam). If we live 
so we could have a long life. 
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7. Outlook 

 
Utilization of the results: 

 
The results can be used for understanding particle stabilized aluminum foaming and 

designing higher quality aluminum foams. They have already been applied to improve the 
models of particle-stabilized foams [93,160]. 

 
Future approach: 

 
Further investigation will be carried out:  

• Experiments on understanding the role of wettability of particles in liquid foam stability. 

• Effect of nanosize particles on foam stability of powder metallurgically produced MMCs. 

• In-situ investigation of cell wall thinning and rupture by X-ray radiography. 
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Összefoglalás 
 

Saját magam által kifejlesztett berendezéssel meghatároztam az Al2O3-al erõsített 
habosítható alumínium ötvözetek látszólagos felületi feszültségét. Kimutattam, hogy a 
növekvõ Al2O3 részecske koncentráció csökkenõ felületi feszültséget eredményez. 

Megvizsgáltam a gyártási paraméterek hatását az alumínium habok geometriai és 
mikroszerkezetére. Megmutattam, hogy a habosítási hõmérsékleten (700°C) az Al2O3 
részecske (spinelt képezve) reagál az alumínium olvadékban lévõ Mg-al, ha a Mg tartalom 
nagyobb, mint 0,3 at%. Nagy Si tartalom megakadályozta a spinelképzõdést. A gyorshûtött 
mintában megfigyelt dendritek mérete egybeesett a részecskemérettel, ezért a részecskék 
olvadékban meglévõ eloszlását nem befolyásolta a kristályosodási folyamat. Megállapítottam, 
hogy a részecskék mennyisége a cellafalban nagyobb, mint a kiinduló alapanyagban. Nitrogén 
habosító gázt alkalmazva a részecskék agglomerálódnak a cellafalak felületén, azonban a 
felületi szegregáció levegõt és oxigént alkalmazva nem volt jelentõs. Habonként 400 cellafal 
vastagság mérést elvégezve lognormális eloszlást kaptam. Megállapítottam, hogy a cellafal 
vastagság majdnem független a habosító gáztól, kis mértékben függ a mátrix összetételétõl és 
hõmérséklettõl de kétszer nagyobb az Al2O3–ot mint a SiC-ot tartalmazó alapanyagok 
esetében: 100 µm (10-szerese az Al2O3 részecskeátmérõnek, ha spinel képzõdött a részecske 
felületén) és 50 µm (5-szöröse a SiC átmérõjének). Kísérleti tények támasztották alá, hogy az 
olvadék-részecske határfelületen képzõdõ spinel réteg hiányában a cellafal vastagság kisebb. 
Megállapítottam, hogy a megfigyelt cellafal vastagságok a hõntartási idõ növelésével 
(kristályosítás késleltetése) nem, vagy alig változnak. Az adott technológiával elõállított 
olvadék-habokon leszivárgás – a kezdeti tranzienstõl eltekintve – még 100 perc hõntartás után 
sem tapasztalható. 

Oxigén tartalmú habosító gázt használva a cellafalak felületén oxidhártya képzõdik, 
ami a mechanikai szilárdsága segítségével stabilizálja az olvadék cellafalat. Az oxidhártya 
vastagsága függ a cellafal és a gáz összetételétõl. Rövid idejû oxidáció fõként homogén, 
valószínûleg γ-Al2O3 szemcsékbõl felépülõ oxidhártyát hoz létre. Hosszabb idejû oxidáció 
esetén primer és szekunder oxidok is megjelennek a hártyában.  

Megállapítottam, hogy részecske erõsített stabil alumínium-olvadék habok 
elõállításához: a) megfelelõ mennyiségû (több mint 5 vol. %), gyengén nedvesítõ részecskére 
és b) megfelelõen vastag (több mint 20 nm) oxidhártyára egyaránt szükség van. Az olvadék-
alumínium hab stabilitása – az olvadék részecskékkel erõteljesen csökkentett – látszólagos 
felületi feszültséggel összefüggésbe hozható. Megállapítottam, hogy a stabilitás a 
technológiától függõ részecskén képzõdõ rétegek alapvetõen, az ötvözõ, a habosítási idõ és a 
hõmérséklet alig befolyásolják. 
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Theses 
 

The apparent surface tension of foamable liquid aluminum can be determined 
applying the self-constructed High Temperature Maximum Bubble Pressure Tensiometer. 
Increasing Al2O3 particle concentration has a decreasing effect on surface tension. 

The effect of process parameters  on the geometrical and microstructure of the Al 
foams was described. It was shown that at foaming temperature (700°C) Al2O3 particles 
reacted with liquid aluminum (forming spinel) if the Mg content of the alloy was higher than 
0.3 at %. High Si content suppressed the spinel formation. The size of the dendrite arms was 
similar to the particle size in the quenched samples. Thus the observed particle distribution is 
considered as it was in the liquid. The particle concentration in the cell walls is considerably 
higher than in the original melt. In the case of foaming by nitrogen the cell wall surfaces are 
further enriched by particles, whereas surface segregation was not significant foaming with air 
or oxygen. The lognormal thickness distribution of cell walls was demonstrated by 400 
individual thickness measurements on each of the foam samples. The cell wall thicknesses are 
almost independent of the type of blowing gas but slightly depend on alloying elements and 
foaming temperature. They are almost twice as thick for Al2O3 containing matrixes than for 
SiC reinforcements: in the range of 100 µm (about 10 times the Al2O3 particles’ diameter, if 
spinel was formed at the interface) and 50 µm (about 5 SiC diameters), respectively. There is 
some evidence that in absence of the interface spinel the cell wall thickness is somewhat 
smaller. The observed cell wall thickness remained constant even when solidification was 
delayed. Beyond the characteristic cell wall thickness drainage effects did not occur even after 
100 min isothermal holding. 

Using oxygen containing blowing gas produces oxide skins  on the cell wall surfaces, 
which stabilize the foam structure by their mechanical rigidity. The thickness of that oxide 
skin depends on the foaming gas and the wall material. Short-term oxidation mostly produced 
homogeneous oxide layer, which most probably built up from γ-Al2O3 grains. After long-term 
oxidation primary and secondary oxides are present in the skin.  

The critical parameters influencing foam stability of particle-reinforced aluminum 
melts are summarized: In order to have stable liquid-aluminum foam both a suitable amount 
(more than 5 vol%) of poor wetting particles and sufficiently thick oxide layer (more than 20 
nm) are necessary. Foam stability is directly connected with largely reduced surface tension. 
Stability is also influenced by technology dependent reaction layers on particles, but nearly 
independent of the alloy, foaming temperature and time. 
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Abbreviations 

 
AES Auger Electron Spectroscopy 
BS Backscattered Electron 
CMC Critical Micelle Concentration 
HTMBPT High Temperature Maximum Bubble Pressure Tensiometer 
LOM Light Optical Microscopy 
MMC Metal Matrix Composite 
XPS X-ray Photoelectron Spectroscopy 
XRD X-Ray Diffraction 
SEM Scanning Electron Microscopy 
SE Secondary Electron  
SIMS Secondary Ion Mass Spectroscopy 
TEM Transmission Electron Microscopy 
 
Notations  

 
a activity 
APB Plateau border cross-section area (µm2) 
A surface of liquid film 
da atomic diameter 
dcell cell size (mm) 
dcap capillary diameter (mm) 
E Young’s modulus (GPa) 
EG Gibbs elasticity (N/m) 
K equilibrium constant 
m mean value 
lPB Plateu border length 
pc capillary pressure 
pb bubble pressure 
ph hydrostatic pressure 
p0 atmospheric pressure 
R gas constant 
R1 radius of the particles (µm) 
rb radius of the bubble 
rcw cell wall curvature 
rPB Plateau border curvature 
tiht isothermal holding time 
Tl liquidus temperature 
tox oxidation time 
Ts solidus temperature 
xcw cell wall thickness (µm) 
xLogn mean cell wall thickness of Lognormal distribution (µm) 
xavr average cell wall thickness measured by Image Analysis (µm) 
xmicrm average cell wall thickness measured by micrometer (µm) 

0
px  volume fraction of particles in the MMC raw material 
f
px  volume fraction of particles in the foam 



90 

s
px  volume fraction of particles on the surface of the cell wall 

cf,
px  critical volume fraction of particles in the foam 

cs,
px  critical volume fraction of particles on the surface of the cell wall  

 
Subscripts 
 
cw cell wall 
logn lognormal distribution 
norm normal distribution 
PB Plateau border 
 
Greek letters 
 
∆m change in weight per unit surface area 
∆pb bubble overpressure 
∆pPB pressure difference between the cell wall and the Plateau border 

oGr∆  free enthalpy of reaction 
oGf∆  free enthalpy of formation 

∞∆ E
AlMgG )(  excess free enthalpy of dilute solution of Mg in Al 

∞∆ )( AlMgH  enthalpy of dilute solution of Mg in Al 
∞∆ E

AlMgS )(  entropy of dilute solution of Mg in Al 

Π disjoining pressure 
αPB arc of Plateau border 
γ activity coefficient 
λ heat conductivity (W/mK) 
λcrit critical wavelength of perturbation 
ρ apparent density of the foam (g/cm3) 
ρ0 bulk density of the solid (liquid) in the foam (g/cm3) 
ρrel relative density of the foam  
σ standard deviation 
σavr standard deviation of cell wall thickness measurement by Image Analysis 
σlg liquid – gas surface tension (N/m) 
σcg ceramic particle – gas interface energy (J/m2) 
σcl ceramic particle – liquid interface energy (J/m2) 
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