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Abstract The implementation of metal foams (especially aluminium alloy foams)
has made an impact in the automobile and aerospace industries where crash energy
absorption, vibration and sound damping and weight reduction is necessary. This
paper includes a study in the field of metal foams encompassing different aspects
such as its purpose, manufacturing methods, primary study about the mechanical
and analytical behaviour of these upcoming materials and simulation-based model
development for further experimentation. The mechanics focus on different models
which are suggested by different researchers and the empirical formulas suggested by
them to calculate various mechanical properties of the aluminium metal foam. Using
LS-DYNA, the behaviour of foam has also been observed. Observations showed
that, as opposed to normal metal grid structures, it was observed that the metal foam
reinforced structure showed major improvement in mechanical properties such as
yield stress and crushability and is thereby a great alternative to the hollow tubes
without compromising on the weight.

Keywords Metal foams - Manufacturing - Mechanics of foams + Analytical
models + Simulation

1 Introduction

Metal foams are porous materials that consist of solid metal with gas-filled pores.
With the increase in the need for materials having higher crash energy absorption,
vibration absorption, sound damping and weight reduction, especially in the auto-
mobile and aerospace industries, it has become necessary to explore new areas.
These also have applications in orthopaedics alongside thermal applications (in heat
exchangers). There are two forms of metal foams: closed-cell and open-cell type.
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The most commonly used metal foam today is the aluminium alloy foam. Due to
its varying properties, it is widely used in the automobile and aerospace industries.
However, there are certain other materials such as copper, titanium and magnesium
[1] (not used extensively), which do not find wide applications as aluminium foams,
are still used as metal foams. Magnesium metal foams even though lighter than
aluminium foams (due to lower density) have not been used much due to the high
reactivity of Mg and low corrosion resistance.

Closed-cell Al foam has extensive applications due to its exceptional properties
such as high specific strength and stiffness, thermal insulation capabilities, energy
absorption ability, vibration and sound absorption [2]. Another form of implemen-
tation includes tubular structures. The advantage of this form is that of lightness
in weight, cost lesser and comparatively easier manufacturing processes [3]. This
paper encompasses the various methods of manufacturing metal foams, their types
and classification, a basic overview of the mechanics behind foam deformations and
the stress—strain curves, and an FEA model inspecting the deformation pattern under
compressive loads using LS-DYNA.

2 Review of Literature

Over the past 20 years, the use of heavy solid materials has been down line. Engi-
neers have always been searching for lightweight, high strength materials, excellent
vibration damping characteristics, particularly, high energy absorption capacity and
recyclability. The authors focused on the design of class materials that can be adapted
to the needs of the application. These materials include different alloys, composites
of metal and polymer, metal foams. Thanks to its impressive mechanical and physical
properties, aluminium foams are the most favoured materials of today. Such foams
have gained popularity in various applications due to the advancement in production
processes, foaming and thickening agents. In structural as well as practical applica-
tions, aluminium foams have boundless applications. These can be used with a small
increase in weight to boost energy absorption. These also have a low density, high
strength to weight ratio and vibration-reducing properties. A lot of work has been
done on enhancing energy absorption using aluminium foams due to excellent energy
absorption efficiency. The aluminium foam manages plateau stress, which depends
on the structure of pores, is in direct relationship with the strain in the material and
densification strain. Using the hollow tubular structures and aluminium foam as the
filler in the tubes is preferably the enhancement. Investigations are carried out to
adjust the structural parameters of tubular structures for specific loading, modifica-
tion of pore size and aluminium foam wall thickness. Researches have shown that the
ability to absorb energy varies with changes in pore morphology. The ability to absorb
energy is a result of buckling of cell walls and collapse of cell walls. Rajak et al.
researched the ability of empty tubes (ETs) and foam-filled tubes (FFTs) to absorb
energy at various strain levels. We showed that the stress—strain graph obtained from
the compression test showed three distinct regions, while the ability to absorb energy
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increased by 33.45%. At elevated temperatures, Movahedi and colleagues conducted
research on ETs and FFTs; the results showed an increase in energy absorption.

3 Manufacturing Methods of Metal Foams

Manufacturing metal foams essentially boils down to the question, how to create
voids inside the solid bulk metal. Voids or pores can be generated by either gas
expansion or using space-holders inside the metal. The easiest method to create
porosity in metal is to inject gas in molten metal by means of a nozzle or using
a particular blowing agent which releases gas when heated. These methods can be
termed as direct foaming of melt. When gas is injected in molten metal, resulting
bubbles quickly rises to the surface due to high buoyant forces of liquid metal. Same
is the case when a blowing agent is used, to control this upward rise of the bubbled and
stabilise the foam, a stabiliser is used. Stabilisers are solid particles that thoroughly
wet the liquid metal. Ceramic powders, alumina, titanium diboride, zirconia and
metal powders which form their oxides when mixed with molten metals can be used
as a stabiliser [4—10]. Stabiliser particle needs to be in a certain range as too small
particle size results in poor mixing and too large particle size means they will settle
down in the melt. Experiments indicate that stabiliser particle size can be in the range
0.1-100 wm [11, 12]. Addition of carbides as stabilisers can introduce brittleness in
the foam. Additive-free melt has to be made to make foam less brittle, thus, metal
has to be melted close to its melting point so that its remains in viscous form and
compensates for the lack of stabilisation by additives. In direct gas injection, metal
is melted and a gas (e.g. air, nitrogen, or CO;) from an external source is injected
into the melt by either a nozzle or by a propeller [13]. Norsk Hydro, Norway and
Cymat, USA make aluminium foam by this method with porosity ranging between
80-98% and density 0.069-0.54 g/cm?.

By using a blowing agent like titanium hydride or zirconium hydride for in situ
gas generation in the melt, we eliminate the use of a gas injection setup. Shinko Wire,
Japan makes aluminium foam under trade name ALPORAS by this method. They use
calcium metal powder for stabilising, as it increases the viscosity of melt by forming
CaO, Al,0O3 and CaAl,O4 [14] inside the melt, and titanium hydride as a blowing
agent. When heated TiH, releases hydrogen gas which expands inside the melt and
form voids. To make sure, TiH, does not release hydrogen prematurely, it can be
heat treated at 400 °C for 24 h and at 500 °C for an hour to create a diffusion barrier
layer of titanium oxide. The blowing agent can be mixed directly in the melt in case
of ALPORAS and Formgrip process [15] or pre-mixed with metal powders in case
of Foaminal process. Expanded foam due to blowing agents and even generated by
direct injection needs to compacted to be used in engineering applications. Extrusion
or pressing is done by dies, roller or presses to achieve this [16, 17]. Metal sheets can
be bonded on either side of the pressed foam to make Foam Sandwiches. Aluminium
Foam Sandwiches, or AFS panels made by Pohltec metal foam, GmbH, Germany
are a great example of this [18]. A metal slurry with a blowing agent can also be
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used to make porous metal. A slurry of metal powder, blowing agent, solvent and
additives is prepared, mixed and poured into a mould. Under elevated temperatures,
this slurry gets expanded by the blowing agent and can then be carefully preserved,
dried and sintered to make porous metal foam.

Space-holders are like cores used in the casting process. They create voids in
metal without the needs of gas injection and blowing agent. To create porous foam
using space-holders, we can use a polymer foam, thermally decomposable material,
clay pellets or hollow spheres made out polymer, glass, metal, ceramic or salts [19—
25]. These space-holders can be mixed with metal powders, suitable solvents, and
an organic binder to make syntactic foams or they can be used as a base skeleton in
casting or metal slurries to add layers of metal on it. A polymer foam space-holder
is used by ERG, USA and Mayser, Germany [26] to create a mould by dipping the
foam in a slurry of refractory material. Upon curing that, mould can be used in a
simple casting process to make exact metal foam specimen as that of the polymer
foam used as a casting pattern. Same polymer foam can also be dipped in a slurry
of metal powder, solvent, binders to create a thick layer of dried slurry. The slurry
coated polymer is heated to pyrolyse the polymer and sinter the metallic structure of
the dried slurry shell.

A polymer foam can be also be used to deposit metal by vapour deposition or elec-
troplating the metal on it. “Incofoam” [27] is made by this method. Physical vapour
deposition is first done to make polymer electrically conductive, after which standard
electroplating can be done easily. Chemical vapour deposition of nickel tetracarbonyl
can also be used to make polymer electrically conductive. Space-holders can also be
used to make “syntactic foams”. In this hollow spheres of polymer, glass, ceramic or
lightweight metal are mixed with metal powder to make a homogenous mix which
can be later sintered. Hollow spheres can also be placed in a die, and molten metal
can be then injected to make porous metal foam. Fraunhofer IFAM, Germany makes
syntactic foam using glass spheres of type S6OHS and diameter of 35 wm. Aluminium
foam of density 1.1-1.4 g/cm? can be made by this process.

Other manufacturing methods which do not fall in the above two categories are
rapid prototyping, gas entrapment, reaction sintering, freeze casting and solid—gas
eutectic solidification. Rapid prototyping or more commonly called 3D printing is a
novel method to make perfect metal foam down to every pore. SEBM or selective
electron beam melting uses an electron laser to melt and fuse metal powder layer by
layer to make a metal foam specimen. This requires a CAD model of the foam required
and slicing software to generate cross-section of every layer. SLS or selective laser
sintering is also good a process where laser does not fully melt the powder. In rapid
prototyping shape of every pore or cell can be accurately controlled, and the resulting
foam is a perfect model with properties close the theoretical optimum limit. Gas
entrapment technique closely resembles powder metallurgy, but at the compaction
step, gas is allowed to be trapped inside the powder precursor. Further, the heat
treatment in the next step makes the metal expand due to the internal pressure created
by entrapped gas [28]. This method is used to make titanium structures by Boeing,
USA. Titanium powder filled in a can which is then evacuated and filled with argon at
3-5 bar [29]. In reaction, sintering two or more components which are being sintered
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undergo a chemical reaction. Metal powder mixtures of titanium and aluminium, iron
and aluminium, and titanium and silicon can make porous structures by this method
[30-32]. A slurry of metal powder in water or camphene is first prepared. When
freezing dendritic growth pattern emerges, leaving interconnected pores after freeze-
drying. The frozen carrier fluid is then removed, and the leftover pattern is sintered to
form open-celled metal foam [33]. Solid—gas eutectic solidification method is used
for metals which form a eutectic system with hydrogen [34]. Melting certain metals
in a hydrogen-rich atmosphere at high pressures (50 bar) results in a homogenous
mixture of molten metals and dissolved hydrogen gas. The mixture will change into
a heterogeneous two-phase mixture when the temperature is lowered. This results
in hydrogen being released in the melt, which rises upwards causing directional
solidification, which results in porous metal with elongated pores [35].

4 Mechanics of Metal Foams

Metal foams are porous materials that consist of gas bubbles divided by thin metallic
walls and exhibit unique properties owing to their constitutional structure. The metal
foam consists of a combination of metal and gas-filled pores. Few mechanical prop-
erties which can be determined via analytical, FEA and experimental methods are
Young’s modulus, absorption capacity (area under the stress—strain curve), specific
energy absorption and finally the energy absorption efficiency. The properties of
these materials obtained analytically are based on theoretical models from various
sources, through FEA using LS-DYNA and experimentally mainly from namely:
compression tests, bending tests, crashworthiness test, etc. [36].

The predominant mode of failure is that of progressive collapse. The failure mech-
anism that is seen in uniaxial tension is unlike the behaviour in uniaxial compression.
Under compression, the foam is progressively crushed because of the plastic buckling
of the cell wall, whereas in tension a ductile crack is formed. Under dynamic load,
the foam undergoes initial compression followed by gradual crushing. The increase
in the density of the foam due to the crushing stage leads to a rise in the energy
absorption capacity [36] (Fig. 1).

Fig. 1 Stress—strain curve of
aluminium metal foam
(compression)
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Metal foams also undergo three major deformations processes as shown in the
schematic diagram above, namely: elastic deformation, plastic deformation and foam
densification. It has been observed that a sudden increase in the compressive force
after the foam reaches its densification displacement. Small-sized pores tend to
collapse at the elastic stage (plasticity appears at sufficiently high loads).

Few basic formulae and terms:

on=F/A (1)
Poisson’s ratio = v = Glateral/elongitudnal (2)
Porosity of metal foams = Pore volume/volume of porous material 3)

Relative density = Density of metal foam/density of cell wall material ~ (4)

By performing a simple impact or quasi-static experimental test, the load—
displacement curve of the material can be obtained. The area under the graph will
then represent the strain energy per unit volume or in other words, the amount of
energy that can be stored in a material before its failure. This represents the absorp-
tion capacity of the foam, and consequently, the energy absorption efficiency can be
calculated through the formula [37]:

1 a
n(a) = (W) / P(a)da 5)

ay

where P(a) is the compressive force, / is the height of the aluminium foam and
ay is the displacement at the yield point.

The energy absorption capacity of the foam can be determined, as mentioned
above by integrating the area under the load—displacement curves, given by [37]:

aq

E, = / P(a)da (6)

0

The specific energy absorption is defined as the energy absorbed per unit mass of
the specimen, i.e. [37]:

SEA = E,/m 7)
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5 Models Used for Analytical Computations

Theoretical approaches based on the models by Gibson and Ashby are used to deter-
mine the Young’s modulus and the plateau stress of the foam during compression
loading. These values are critical in plotting a stress—strain curve of the foam up to the
point of densification initiation. Also, approaches following the Cowper-Symonds
model have been used to define the relations between different parameters such
as strain rate and dynamic increase factors (for support structures for metal foam
specimens such as curved plates used in connectors).

According to the Gibson and Ashby theoretical approach, the plateau stress can
be represented as [38]:

% _ 0.3(90(%))2 +0.4(1 — w)(%) + (Po — Pa)/0y ®)

Oy S S

where o, = plateau stress of the foam, oy = yield stress of the cell wall, pr =
density of the metal foam, py = density of the cell wall material, p, = gas pressure
inside the cell and p,; = atmospheric pressure.

The value of Young’s modulus of the metal foam can be determined based on the
above-mentioned model by [38]:

o 2 - -
== <p2<%) +- qo)(”—f) + poll - 2v>/Es(1 - ﬁ) ©

where Er = Young’s modulus of metal foam, E; = Young’s modulus of the cell
wall and v = Poisson’s ratio. = fraction of solid present in the cell edges.

6 Finite Element Modelling of Metal Foam

Metal foams, despite being prevalent in the automobile industry and aerospace
industry, are a relatively newer discovered material and hence it is not readily avail-
able in popular finite element modelling softwares such as ANSYS. The only readily
available models are found in ABAQUS and LS-DYNA. In ABAQUS, the only a
Deshpande/Fleck foam model is available, whereas, in LS-DYNA, there are multiple
models available such as MAT 5 Soil and Crushable Foam, MAT 26-Anisotropic
Honeycomb Model, MAT 26 Honeycomb, MAT 38 Blatz Ko, MAT 57 Low Density
Foam, MAT 62 Viscous Foam, MAT 63 Crushable Foam and MAT 126 Modified
Honeycomb.

After due considerations to the mechanical properties that are being used in the
applicable models, we utilise MAT 26 Honeycomb model as it resembles the actual
material properties of metal foam under consideration.
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Table 1 Physical properties

Density Young’s modulus | Poisson’s ratio | Yield stress | Relative volume
00.5 x 1077 kg/mm> | 68.94 GPa 0.3 0.18 GPa 0.2

Table 2 Strength values in various directions
Eaau Ebbu Eccu Gabu Gbcu Gacu
1.02 GPa 0.34 GPa 0.34 GPa 0.434 GPa 0.214 GPa 0.434 GPa

In the modelling of the material in LS-DYNA, various properties needed to be
specified including the density, the Young’s modulus and Poisson’s ratio. These
values were derived experimentally and were used to create an accurate model
(Tables 1 and 2).

6.1 Finite Element Model

The below-shown schematic depicts a finite element model created using the above
data (Figs. 2 and 3).
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Fig. 3 After compression

7 Conclusion

From all the above-discussed sections, it can be seen that metal foams, especially
aluminium metal foams are a good way to improve the mechanical properties of
elements with minimal addition to their weight due to the small density of the metal
foams. Hence, it is seen that the use of aluminium metal foam in automobile industry,
especially in the bumpers of the cars to improve its crushing strength and also as
members of the chassis, is growing at an exponential rate. Other metal foams are
also known such as titanium metal foams (used in medical purposes) as well as
copper metal foams, but their usage is limited due to a lack of availability. Despite
the growing use of metal foams, there is a huge scope for more work in this field,
and the usage can be extended to other industries in order to optimise the strength
without compromising on the weight constraints.
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