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An interesting form of lightweight material which has emerged in the past two decades is 
metallic foam. This paper deals with the basic concepts of making metallic foams and a detailed 
study of foams produced fiom Al-Sic. 

including the concept of producing both two phase foams and foams with composite walls. 
In addition some aspects of cellular solids based on honeycomb structures are outlined 



Introduction 

Low density cellular solit,; occur widely in nature. Similar structures based on metals, 
polymers or ceramics can be produced for engineering applications such as core materials for 
light-weight stiff panels, energy-absorbing materials, thermal shielding etc. Their properties 
relate closely to the intrinsic properties of the cell-wall material and the detailed geometry of the 
cell-structure [ 11. Although these factors can be related to a variety properties of cellular solids, 
the present discussion is limited to mechanical properties. The intrinsic properties of the walls 
afkct the collapse mechanisms of the ceii walls and, therefore, the overall mechanical response 
121. Changes in geometrical parameters (such as the cell-size to wall-thickness ratio) affect the 
collapse load and a heterogeneous distribution in cell size can change stresdstrain response 
compared to that for a homogeneous cell structure [2,3] (Fig. 1). The energy absorption 
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Fig. 1 Effect of deviation fiom homogeneity on the loaddeflection response of cellular 
solids. This specific example refers to the addition of hard second phase particles 
in an Al- honeycomb. 

characteristics of a material relate to the sequence of dissipation mechanisms involved in the 
stresdstrain response. From an applications point of view, it is therefore useful to be able to 
tailor the properties of cellular solids for a given requirement by altering both their intrinsic 
properties and geofnetries. Such an approach has been adopted here and various aluminium 
based “composite” cellular structures have been developed in the present work. 

In essence cellular structures represent an example of linking a processing methodology 
with the design needs of a product. The fbnction of a cellular solid is based on a combination of 
intrinsic properties and geometric factors and the details of the processing of foams determines 
these features. 

In developing processing methods we are concerned with either controlliig the geometry 
of the foams via the mechanism of bubble formation and the stability of the foams or developing 
methods to control the intrinsic properties of the cell walls. 



There are a variety of methods which can be used to produce cellular solids [4] but in the 
current work consideration will be given to foams produced fi-om the melt and honeycomb 

In developing processing methods we are concerned with either controlling the geometry of the 
foams via the mechanism of bubble formation and the stability of the foams or developing 
methods to control the intrinsic properties of the cell walls. 

current work consideration will be given to foams produced from the melt and honeycomb 
structures produced fiom rolled sheets. 

. structures produced fiom rolled sheets. 

There are a variety of methods which can be used to produce cellular solids [4] but in the 

AI-Sic Foams 

AI-Sic foam is an example of a 3-dimensional cellular solid with a composite cell-wall 
structure. The production of such structures has been described in a recent patent [SI. It involves 
bubbling air through molten aluminium containing Sic particles. The bubbles float to the top 
surfhe of the melt to form a closed cell foam. This foam is very stable and is easily manipulated. 
The cell size of the foam is controlled by adjusting the gas flow rate and other process 
parameters. The composition of the composite and the particle size can be varied within ranges 
determined by fictors such as ease of mixing the particles into the melt, mixture viscosity, 
particle settliig, and foam stability. Fig. 2 shows the practical range of these parameters for the 
production of foams in the AI-Sic system. A typical macroscopic structure of the foam is 
illustrated in Fig. 3. 

Fig. 2 Practical range of parameters for production of AI-Sic foams. 

In terms of processing, the key issues relate to controlling the size distribution and providing 
stability against coalescence and collapse of the bubbles. 

size and using impellers to break the larger bubbles. However, much of the knowledge is 
empirical. There is only limited literature on the stability of liquid metal foams. It is therefore 

Bubble size is controlled by adjusting the gas flow rate, choosing the appropriate nozzle 
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Fig. 3 Macrostructure of an Al-Sic foam. 

useful to consider similar studies on foams and emulsions based on aqueoudorganid polymeric 
systems 261 and to extend these ideas to metallic foams. 

dimensions that are wetted by both liquids. The specific location of the particles at the interface 
produces a strong, rigid barrier that prevents or severely inhibits the coalescence of drops. The 
particles should be small compared to the size of the emulsion droplet and in a state of incipient 
flocculation. The solid must exhibit a significant contact angle at the three-phase (oiVwater/solid) 
contact lie. For maximum efficiency, it is found that the stabilizer should be preferentially 
wetted by the continuous phase. If the solid particles are too strongly wetted by either of the two 
liquid phases , the required stabilizing action will not result. Similarly, if there is no wetting by 
either of the liquid phases there will be no stabilization. Applying these ideas to metallic foams, 
a necessary condition would be that the particles exhibit preferential wetting for the continuous 
phase; i.e. a contact angle of greater than 90". Table I lists data for the wettability of some 
materials by aluminium indicating that Sic and A I 2 0 3  should provide stabilizing action whereas 
Si02 does not stabiliseduminium foam. The contact angle depends on temperature suggesting 
that the stability of liquid foam will be affected by temperature changes during processing and a 
carehi control of temperature is required to produce foam with a uniform cell size. For the Al- 
Sic foam, Fig. 4 shows a typical microstructure of the cell-wall. The Sic  particles lie at the 
aluminiudair interface indicating partial wetting by aluminium. 

Considering now the mechanisms of stabilization of liquid foam by solid particles, Tambe 
and Sharma [13,14] have shown that colloidal particles stabilize emulsions by providing steric 
hindrance to drop-drop coalescence and by modifjring the rheological properties of the interfacial 
region. At sufficiently high concentration of particles, the interface exhibits viscoelastic 
behaviour. Viscoelastic interfaces affect emulsion stability by retarding the rate of film drainage 
and by altering (increasing) the energy requirement in displacing particles from the interface 
[ 13,141. 

Emulsion stabilization by particulate solids relies on the use of particles of colloidal 





Table I Wettability of various materials by aluminium. 

1073 115.6 
1173 109.4 

TBz 1253 0 1113 
1 zroz 

Enerw Absorbtion of Foams 

1073 1 158 1121 

To illustrate the utility of AI-Sic foams as energy absorbing structures over a range of 
temperature, compression tests were performed on samples (38 mm diameter, 40 mm height) 
using quasi-static loading rates. The compression tests were carried into the densification regime 
so that a plateau is obtained in the energy absorption curves. Fig. 5 shows typically the 
stresdstrain response. A systematic variation in yield stress with temperature was observed and 
the energy absorption curves are plotted as a f3nction of temperature in Fig. 6. 
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Fig. 5 StresdStrain response of AI-Sic foams under compressive loading at various 
temperatures. 
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Fig. 6 Energy Absorbtion curves determined fiom the stresdstrain curves in Fig 5.  

Honeycomb Structures 

In the past decade much work has been done on the detailed geometry of honeycomb 
structure and their role in applications such as sandwich panels. Although global models of 
strength and energy absorption can be made on the basis of the density of the honeycomb 
structure, the detailed process of collapse and densification and the propagation of shear events 
which are influenced by defects. Thus the problem of collapse is in some ways analogous to the 
spread of plasticity in monolithic materials. We are concerned with the pattern of densification 
flow and the abiity to spread the process and increase the volume involved in the process. Thus 
honeycomb structures can be modified by the incorporation of “second phase” regions by filling 
some of the cells. 

structure. Studies on a model system based on aluminium honeycombs {3] have shown that the 
presence of a hard second phase (obtained by filling some of the cells) affects the spatial 
distribution of local collapse events and the overall mechanical response. Systematic variations in 
elastic modulus, strain hardening and densification strain are observed, suggesting that two- 
phase cellular solids can be designed for specific design requirement. A similar effect, Le. the 
role of inclusions in spreading the collapse, is observed when such materials are subjected to 
localised loading (Fig. 7). In terms of processing, this idea can be extended to produce 3- 
dimensional cellular solids by incorporating hollow ceramic spheres (with a size comparable to 
the final cell size) in metallic foam. 

Two-phase honeycomb structures illustrate cellular solids with a heterogeneous cell- 



Fig. 7 Effkct of hard second phase particles on the distribution of collapse in a honeycomb 
under localized compressive loading. 

Anodised Aluminium Honevcomb 

Anodised aluminium honeycomb is a cellular solid with a composite (layered) cell-wall 
structure. It has recently been shown that cellular solids with a layered cell-wall structure can be 
designed to have unbounded thermal expansion 1151. An example of this type is anodized 
aluminium. They are also interesting materials in terms of their mechanical properties since they 
comprise a ductile aluminium layer bounded by hard brittle layers of Al~a and serve as simple 
two-dimensional models of the more complex AI-Sic foam. In terms of processing, they are 
produced by anodising aluminium honeycombs in a 15 vlo H2S04 solution in the temperature 
range 0-30 "C. Fig. 8 shows typically a section of an aluminium honeycomb anodised for 10 min. 
at 23 "C and 4A. 

In terms of overall mechanical response, the presence of a hard A 1 2 0 3  layer at the 
honeycomb surfkce leads to slightly higher strength levels. Energy absorption is affected through 
mechanisms such as crack formation in the brittle layer in addition to the plastic deformation of 
the aluminium core. The A 1 2 0 3  layer is strongly bonded to the aluminium base as evidenced by 
the formation of multiple cracks on bending (Fig. 9). The strength and energy absorption 
characteristics relate to the relative thicknesses of the aluminium core and the A 1 2 0 3  layers, 
thereby providing a means of designing such materials for a given application. This idea can be 
extended to other novel applications which utilize thermal or piezoelectric properties of 
individual layers in such multilayered honeycomb structures. 



Fig. 8 Cross section of an anodized aluminium honeycomb wall. 

Fig. 9 Formation of cracks on the surface of an anodised aluminium honeycomb during loading. 



. 
Summary 

It is foreseeable that in the future cellular structures could be produced such that their 
properties are engineered precisely to the demands of a given application. To realiize this goal, 
more must be understood about the ways that processing variables effect the geometry and 
mechanid properties of cellular materials. One important factor described here is the addition 
of hard second phase particles to the matrix of the cellular material. In 3-dimensional foams the 
present production technology is based mainly on empirical observations. It is suggested that by 
controlling temperature and the addition of hard second phase particles (such as Sic to AI) it 
could be possible to control the stability and the size distribution in 3-dimensional foams. 
Second phase particles have also shown that they can be used to specifically tailor the flow of 2- 
dimensional cellular materials (Le. honeycombs). Thus, by specifying the level of filling in a 
cellular material one can control such mechanical properties as Young's modulus, strain to 
densification, and the degree of strain hardening. 

Composite cellular materials an important category of materials which could, 
theoretidy, be used to tailor the properties of a material to its end use. Anodized aluminum 
honeycombs have been produced with this in mind By coating a cellular substrate with a harder 
materid, energy absorption can be enhanced through such processes as crack initiation and 
propagation in the hard coating. 
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