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Our workplace, Technical University of Liberec, is currently engaged in research and production of cellular metal
systems. Basically, cellular metal systems are materials with lower density. It is a research in the field of mechanical
engineering that is focused on the development of new materials. In general, many methods have been developed
for the production of cellular metal systems, e.g. by BANHART [2] or ASHBY [4]. At their production, the direct
gassing of molten metals (mostly aluminium ones) or gassing by the powder agents (e.g. specially formulated alu-
minium powders) are mostly used. Depending on the manufacturing method, a cellular system with open or closed
cells can be obtained. The most commonly used metal is aluminium and its alloys. We are currently focusing on
the production of porous aluminium by using sodium chloride. Sodium chloride occupies regular sites in the alu-
minium material and thus contributes to the aluminium porosity. After solidification of the aluminium, sodium
chloride is dissolved in water. Sodium chloride is relatively inert to the aluminium and together with it, has a
favourable density (2160 kg-m™) compared to the aluminium density (2700 kg-m). The values of these physical
quantities were observed on the produced aluminium test specimens having & 60 x 10 mm: relative density of
porous system pREL; porosity of metal system P; amount of solid phase system volume fraction VPM; density of

porous metal system pPM and porous material Young's modulus of elasticity EPM.

Keywords: Metal System, Porous Metal System, Sodium Chloride, Casting, Aluminium Alloy.

1 Introduction

The idea of producing metallic cellular systems (metal
foams) dates back to 1926. Other sources, e.g. DE
MILLER [1], state that the origin of cellular metal sys-
tems dates back to the 1940s. Many patents have been is-
sued since the late 1950’s to 1970’s and many variants of
foaming processes have been proposed. As barely any-
thing was ever published besides these patents, it is diffi-
cult to evaluate, whether all proposed ideas actually
worked. The second rapid increase of the scientific activ-
ity started in the late 1980°s and has led to the restoration
of some old techniques and has resulted in much higher
publishing activity.

Most metal foaming techniques used today have been
proposed in the 1950°s. Since then, there have been pro-
posed fundamental innovations that are now well known
and have led to a variety of processing methods that are
constantly reviewed and innovated. A number of new
processing methods have been proposed based upon pre-
vious developments. Metal cellular systems (porous met-
als and metal foams) are light-weight cellular metallic
materials that in their structure contain pores made by
purpose. Their specific structure gives them a very advan-
tageous combination of physical and mechanical proper-
ties, such as low density and high stiffness, along with
high energy absorption capability.

2 Metal Cellular systems

Metal cellular systems are a general term to
characterize materials in the state of metallic foams.
BANHART [2] highlights the correct identification of

metal foam and that there is needed to distinguish
between following terms:

Cellular metal systems: the most general term referring to
a metal body in which any gaseous cavities are dispersed.
The metal phase divides the space into closed cells that
contain gas phase.

Porous metal systems (porous foams, porous metals): a
special type of cellular metal limited to a certain type of
cavities. Pores are usually rounded and isolated from each
other.

Metal sponges: morphology of the cellular metal, usually
with interconnected cavities.

However, in general all of these systems are in the
technical literature referred, without any further
indication, under the collective designation of metal
foams.

The term porous metal is a general term describing a
material with a high porosity, while terms foam metal or
metal foam are used for porous metal produced by the
melt foaming, where pores are not mutually
interconnected (so-called "closed-cell structure"). In
addition to that, there is term metal sponge, which is used
for highly porous materials in which the pores are
connected in quite a complicated manner and the
structure cannot be divided into individual cavities (so-
called "open-cell structure") [2]. The term metal foam is
very often used even in the references as a general
designation of porous material.

The production of cell metals in the most general
sense, as is described in published literature [2, 3, 4], may
not always include the foaming methods. Today, there are
various productions that can be divided into different
criteria. Depending on the state in which the metal is
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processed, the manufacturing processes can be divided
into four groups [3]. Porous metal materials can be made
from liquid metal, powdered metal, metal vapour or metal
ions. Furthermore, metal processing methodologies
within the relevant group are also very important. The
porosity can reach from 30% to 93%, it depends on the
manufacturing method and used material. The most

commonly used methods for production cellular systems
are that ones, where as the starting metal is its melt or
powder. Fig. 1 shows methods for producing cellular
metallic materials. Some methods are similar to those
used for foaming aqueous or polymeric liquids, while
others are specifically designed to have the advantage of
characteristic metals.

m

metal vapour

powdered metal

e vapour deposition direct foaming with gas

direct foaming with
blowing agents
gasars

powder compact
melting

casting

spray forming

electrochemical
deposition

sintering of hollow .
spheres

gas entrapment

slurry foaming

pressing around fillers
sintering of powders or
fibres

extrusion of
polymer/metal mixtures
reaction sintering

Fig. 1 Overview of the various ‘‘families’’ of production methods for cellular metallic materials, BANHART [3]

One of the important factors for the production metal-
lic cellular systems is reality, whether is used a metal melt
or a metal powder (although actual foaming is always
done in a liquid state). The second factor is type of agent
that creates a cellular structure in the material. It means,
if there is gas to make formation of the metal cell structure
or if a cellular structure will be made by some bodies.
Some methods have been already termed, others charac-
terize "foam" from the producer to its brand name. De-
pending on the type and parameters of the process, it is
possible to obtain a cellular or porous structure of metals
with different size, shape and pores arrangement type
(regular, irregular). However, production of these cellular
materials from aluminium and its alloys is very difficult.

HALBART [2, 3] shows that there are four the most
widely used basic types of "metal foams".

a) direct melt foaming,

b) controlled solidification of the melt in an
atmosphere of supersaturated gases,

c¢) powder metallurgy,

d) foundry methods.

Foundry methods are divided into three groups as
following:

Lost-mould casting - for the production of these
porous castings, there is used a pattern made e.g. from
open-cell polymeric foam is used. Metal just follows the
shape of e.g. polymeric foam.

Casting of filler material - porous metals can be
produced by a method in which the liquid metal is poured
into a mould filled with organic or inorganic particles,
which can remain in the solidified metal or can be
removed by leaching or calcining, even. by other
solidification of the metal [8].

Replication process [8, 13, 14] - this process can be
applied in a specially designed jig and represents another
way of producing metallic cellular systems. These porous
systems (porous castings) are characterized by the
experimental simplicity and degree of control over the
final porosity of structure. It should be noted that
although in the literature are these materials often referred
to as foams (but they are not produced by the presence of
gas bubbles in the melt), they are more preferably referred
to as porous metals or microcell metals [13]. The first
report about replication process was issued in the early
1960’s and since then, advance of the research group at
the Swiss Federal Institute of Technology in Lausanne
have evolved at various stages.

In the foundry processes for the production of
aluminium cellular systems, attention should be very paid
to their metallurgy, [15, 16].

Fig. 2 shows a porous aluminium system manufactu-
red by the Swiss company Exxentis [10].

Pore size: 0.63 - 3.00 mm
Fig. 2 Porous Aluminium System by the Swiss company
Exxentis [10]
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The results of our solution for the cellular metal systems on the jig were treated with a graphite releasing material
should contribute to the possible production of these me- so that the jig could be well detached and disassembled
tal foams in the Czech Republic with a view to their gra- after the porous aluminium system was formed. The che-
dual implementation for the production of industrial com- mical composition of used aluminium alloy AlSil2 (EN
ponents. AC-44300) was identified by a Bruker Q4 Tasman optical

emission spectrometer — see Tab. 1.

3 Experimental part

3.1 Preparation and production of aluminium po-
rous system (method casting)

Preparation of aluminium porous system, resp. produ-
ction of a porous aluminium alloy was combination of a
foundry method with utilization of filler material. This
material was sodium chloride with a particle size from 2
to 3 mm, see Fig. 3. A special preparation jig (mould)
with a cavity & 60 x 150 mm was used to produce a po-
rous aluminium alloy (see Fig. 4). The jig was filled by a
pre-defined amount of "filler material”, i.e. sodium chlo-
ride. Further, a cylindrical specimen from AlSil2 alumi-
nium alloy (EN AC-44300) was inserted into the jig. Af-
ter that, the jig (mould) was inserted into a "Classic" re- Fig. 3 Sodium chloride used for the production of po-
sistance furnace. The furnace was heated up to 850 °C. rous aluminium
Prior to its insertion into the furnace, the nuts and bolts

Tab. 1 Chemical composition of used AlSil2 aluminium alloy

Chemical composition of aluminium alloy EN AC 44300 (AlSi12) [wt%]
Si Fe Mn Cu Zn Ti \4 Mg Na Pb Al
11.9 0.45 041 0.05 0.11 0.1 0.008 0.001 0.005 0.005 86.96

Our experiments are one of the first experiments, so
non-standard conditions for the production of porous ma-
terial A1Sil2 was observed. As it can be seen from Fig. 5,
the chosen method did not produce the expected results.

The formation of aluminium oxide Al ;O3 very nega-
tively influenced the metallurgy of the aluminium tablet
melting in the jig (mould). The performed experiments
did not reveal the expected results. Based on thermos-dy-
namic data of its melting with subsequent oxidation, we
concluded that a special device with the possibility of
vacuuming the working space and also with the effect of

Fig. 4 Preparation jig and furnace for the production of inert gas will be needed for this production.
porous aluminium systems

Fig. 5 Sample of pure aluminium for “foaming” ( left) and the macro structure of pure aluminium cellular system
samples (right)

3.2 Preparation and production of an aluminium po- methodology to ensure homogenization of the salt distri-

rous system by melt squeeze casting bution in the mould. The melt was melted in a graphite
cup and a resistance furnace was used for melting. For the
production of cellular aluminium system, resp. porous
AlSil12 aluminium alloy, the pre-heated mould at 200 °C
was filled with a defined amount of "filler material”, i.e.
sodium chloride. A measured amount of melt was poured
into the mould and the melt in the mould was compressed

Due to previous production failures, further experi-
ments were based on the utilization of melt pressure that
was applied into the mould cavity filled with sodium
chloride. The foundry mould (see Fig. 6) is made of steel
CSN EN 1.2343 (CSN19 552) with a cavity of dimensi-
ons & 60 x 50 mm. It was needed to develop the necessary
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by a pressure of 100 MPa. In this way, the porous alumi-
nium solid & 60 x 35 mm was produced.

Fig. 6 Equipment for the melt moulding with sodium
chloride

After solidification, the porous aluminium solid & 60
x 35 mm was cut in a transverse direction and placed in a
water bath to dissolve the salt. The cross-section ma-
crostructure is shown in Fig. 7. Furthermore, the weight
of the produced 10 mm thick porous sample was monito-
red. The 10 mm thickness was chosen because samples of
AlSi 12 foam also made by the powder metallurgy and 10
mm thick were available at our department.

Furthermore, porous material AlSil2 was monitored
by using an Olympus DSX 500 microscope. Fig. 8 shows
the porosity at different cross sectional areas for AlSil2
aluminium alloy sample.

In Fig. 9 is illustrates a porous material of AlSil2 al-
uminium alloy

Fig. 7 Cross-section macrostructure of AlSi12 alumi-
nium alloys 60 x 10 mm porous samples

Fig. 8 Porosity of a cross-section sample of porous aluminium AlSil2 alloy, monitored by the Olympus DSX 500
microscope (enlargement 5x)

Fig. 9 Porosity of sample aluminium AlSil2 alloys, plan view (enlargement 2x)
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3.3 Evaluation of properties of AlSil12 aluminium
alloy porous material

In order to evaluate the properties of the produced alu-
minium alloy porous system, a methodology was develo-
ped to determine its relevant physical-material characte-
ristics, resp. relevant quantities. Used evaluation of the
produced aluminium porous materials concerns the deter-
mination of the following quantities [1,15]:

Determination the density of porous material (ppu) —
it is determined by the physical calculation according to
the known following relation:

Pam = T M

Where: ppy is density of porous material [kg-m™]; mpy is
weight of the porous material [kg]; Vpum is volume of the
porous material [m~].

Determination the relative density of the porous material
(PrEL):

PREL = ::P—M» (2)

BM

Where: prgr is relative density [1]; ppm is density of the
porous material [kg:m=]; ppm is density of the base
material (without porosity) - AlSil2: ppm = 2660 [kg-m-
3
].

Determination the density of discretized structure of the
porous material:

PM VeM
oo Yo 3)

Palp =

Where: Vpym is volume of the porous material [m’]; Vim
is volume of the base material [m?].

Determination the porosity of material (P or &) — it is the
ratio of density difference between base material and
porous material (PM) to density of base (non-porous)
material (BM):

p = (BPnn) . 100 [9] = (1 -22) -100 (%] (4)

PBM M

Determination the Young's modulus of elasticity in
porous AlSil2, determined by [15]:

Epm = k- Egy - (pP_M)m %)

PBM

Where: Epum. is Young's modulus of elasticity of porous
material (foamed system) [MPa], Egm is Young's
modulus of elasticity of base material [MPa], E smaisii2)
= 72000 [MPa]; pmp. and density of porous material
[kg-m?]; ppm is the density of the porous material [kg-m
3]; pem is the density of the base material [kg-m~]; k -
constant for calculation of the modulus of elasticity k =
(0,1 to 4) [15], m is the constant for calculation of the
modulus of elasticity m =2 [15], m=15to 1.7 [11].
Values were used for the calculation: k =0.5; m = 2.

Calculation of the coefficient of thermal conductivity for
AISi 12 material through a relation [15]:
P a
Apgip = Ay (ﬂ) (6)

PBM

Where: Agm. is thermal conductivity of base material AISi
12: Agm. = 150 W-mL.K;
a—constant (a=1.65to 1.85) [15],a=2[11].

Based on the equations (1) to (6), the selected values
of properties for the porous system made of AlSil2 alu-
minium alloy were calculated. These values are shown in
Tab. 3.

Tab. 3 Overview of basic properties - aluminium alloy AlSi 12 porous material

Property Designation and value Value
Density of sample from AlSi 12
& 60 xyIO mm I()base material) peLcasiia) [kgm’] 2660
Volume of sample AlSi 12, & 60 x 10 mm (base material) Vau @isitz) [m?] 2.82-107
Weight of sample AlSi 12, & 60 x 10 mm (base material) maM (alsi12) [kg] 0.075
Volume of sample AlSil2 & 60 x 10 mm (porous material) V pM arsit2) [m?] 2.89-107
Weight of sample AlSi 12 & 60 x 10 mm (porous material) Mpwm asir) [kg] 0.031
Density of sample AlSil2 & 60 x 10 mm (porous material) ppuM alsit2) [kg-m?] 1074
Relative density of AlSi (porous material) PREL (alsi12) [1] 0.40
Porosity of AlSi 12 & 60 x 10 mm (porous material) P [%] 60
Young’'s modulus of elasticity AlSi 12 (porous material) E pwm asit2) [MPa] 5868
Coefficient of thermal conductivity of AlSi 12 (porous material) Apmaisitg [W-m K] 25

Note: Ep.u. asi1z) - Young's module of elasticity, Eaisiiz = 72 000 [MPa].

4 Conclusion

Production of all cellular metallic materials is associ-
ated with the production equipment and the complexity
of the technological process. At gasification methods, it
is necessary to ensure the homogeneity of the gas bubbles
in the material. These complications are e.g. associated
with the high oxygen affinity to aluminium. Production is

very complex and these materials are produced only by
the world-renowned researchers such as e.g. [2, 3, 4, 11]
and also by the companies as e.g. Cymat, Alulight, Amer-
ican Elements, Franhofer Institute, LKR, Shinko etc.
Similarly, in the production of a porous material, it is nec-
essary to provide a homogeneous distribution of the par-
ticles that produce the produced material porosity. The
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methods described in the literature also require additional
technological equipment. It has been shown that the utili-
zation of pressing melt into mould containing some NaCl
particles is quite perspective. However, in this case it is
necessary to use a moulding press with a pressure range
of min. 100 MPa and mould. Simultaneously, the required
technological and metallurgical principles must be fol-
lowed. As it is obvious from Fig 7 the porous structure of
the obtained AlSil2 aluminium alloy is comparable to the
aluminium alloy produced by the company Exxentis in
light of its porosity. The final measured values of the po-
rous AlSil2 material are as following: density ppwm (aisii2)
= 1074 kg'm3; relative density preL (aisil2) = 0.40; poros-
ity Pasiiz) = 60 %, Young's modulus of elasticity Epm
(asiizy = 5868 MPa and coefficient of thermal conductiv-
ity Apm (aisitz) = 25 W-m-KL. These values correspond to
those presented by producers of the porous aluminium
[17]. Another possibility of producing aluminium porous
materials is to use a vacuum and a shielding atmosphere
of argon. However, special equipment is required again.
The results of our research should contribute to the possi-
ble production of light-weight metal materials in the
Czech Republic with the aim of their gradually imple-
mentation into the production of industrial components.
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