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Foreword

This monograph covers the characteristics of manufacturing methods for metallic
cellular and metallic porous materials. These materials currently have considerable
industrial applications. The properties of these materials, based on their cellular or
porous form, have been derived by analogy to the structure of natural substances.
There are many of these substances, some of which we use almost every day and
some of which have specific applications. Probably the most well-known method of
preparing porous substances can be found in the baking industry. For example, bread,
rolls, buns and other baked goods are characterized by their porous structure. Yeast
contributes to the porous structure of bread by converting sugar to form carbon dioxide,
which causes the baked goods to become porous. Another way of obtaining a porous
structure in food is by the thermal decomposition of sodium bicarbonate that takes
place during baking. The decomposition product of this substance is contained in

baking powder, which also produces carbon dioxide.
Note: This means that baking cakes contributes to global warming.

As in the previous cases, many other porous substances are prepared. Another
possibility is the production of foamed metals, e.g. the production of foamed aluminium
is based on the injection of gas into the melt followed by solidification of the foamed
melt. Or another production method is based on the principle of "baking powder". This
function is actually performed by e.g. titanium hydride (TiHz), which is a very volatile
substance. This substance decomposes at a certain temperature into titanium to form
hydrogen. However, the production of foamed aluminium is incomparably very
demanding, unlike baking a roll.

A somewhat unconventional principle of another method of producing porous
substances is based on the joining of various particles. As, for example, tiny glass
particles are heated briefly to the melting point of glass, a solid porous material is
formed as a result of the particles melting at the point of contact. Porous materials can
also be obtained by other ways of joining small particles. For this purpose, e.g. high-
pressure compression can be used. One frequently used method is based on the
removal of the liquid component from various substances. The higher the liquid content
of the substance, the more porous the substance can be obtained. Therefore, in order
to prepare such substances, it is necessary to master the preparation of the
intermediate with the highest possible liquid content. This substance can be obtained,
for example, by mixing clay and water. This produces a gel with a structure similar to
a 'house of cards', with water molecules in the spaces between the 'cards'. Another
method of preparing porous substances is based on the selective dissolution of one of
the components of the solid phase (e.g. limestone formations).

Publication by Karol Jedinak, Faculty of Science, Comenius University, Bratislava, February 17, 2009.

Cellular metal systems, referred to as metal foams, with the production of
and characterization are the subject of this book, are in a broad sense agglomerations



of gas bubbles. These bubbles are separated from each other first by thin liquid, later
by thin layers of solidified metal.

Introduction

Nowadays, lightweight metal materials are increasingly used in industrial practice.
It seems unbelievable that even this porous material can be used for structural
purposes, and this is mainly because there is a tendency to use materials with
considerable compactness without pores and micropores. However, it must also be
remembered that nature has created porous organic substances such as bones, coral,
etc., which, due to their cellular structure, are characterised by a relatively high
stiffness.
Fig. 1 shows the structure of the bone and the structure of the plant stem.

Fig. 1 Bone structure in longitudinal section and cellular structure of the plant stem [12]

Natural porous materials (bones, coral and cork) are synonymous with strong
and lightweight structures. These are groups of materials with unique combinations of
properties. As a result of the foam system being a non-linear stochastic distribution of
material in space, it is not so easy to define their behaviour under different stresses
when designing parts made of metallic foam materials. Metal foam products allow the
use of hitherto little-known principles, whereby the method of manufacturing
components allows the material to be more appropriately distributed throughout the
volume of the component in an attempt to increase the cross-section and, hence the
moment of inertia without increasing its mass.

For a long time, mankind has been trying to produce these materials industrially. In this
field, scientists and engineers have followed the nature of nature and, in the last 30
years, have been intensively involved in the development and production of cellular
metal systems - porous metals and metal foams ranging from laboratory curiosities to
commercial components.

Fig. 2 shows different types of cellular metal structures (metal foams), which are
produced by different technologies.

These lightweight metallic structures, containing 75 % to 95 % porosity, are usually
divided into two distinct groups according to the appearance of the pores:

Metallic materials with closed pores are filled with gas (usually referred to as foams
because of the foaming process required, such as putting bubbles into beer). These



materials have good strength and are mainly used for structural applications (e.g. in
vehicles) and are also suitable as thermal insulation.
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(a) closed-cell aluminium foam produced by powder metallurgy (product name: Alulight®),
(b) molten metal by introducing gas into molten aluminium foam (product name: Cymat),
(c) metallurgical melt open-cell aluminium sponge imaged by a precision casting process

(product name: Duocel®), (d) syntactic bituminous foam produced by infiltration of ceramic

hollow sphere packages by fusion metallurgy

Fig. 2 Cellular metallic structures made by different technologies, HARTMANN [12]

Metallic materials with open pores, connected cells (like a sponge, usually called
porous metals). These materials are mainly used in applications where the permanent
nature of porosity is used (e.g. vibration, filtration and catalysis at high temperatures,
in medical devices) and are also suitable as sound insulation.

Fig. 3 shows a metallic material with closed and open pores.

Fig. 3 Metallic material with closed and open pores [2]

Aluminium and its alloys are the most widely used in the production of metal cellular
materials ("metal foams"). This is due to its relatively low density (p = 2700 kg.m3), low
melting temperature (660 °C), relatively high stiffness, toughness and excellent
corrosion resistance. These materials also exhibit good impact energy absorption and
damping capabilities and are advantageously non-flammable and recyclable.



Cellular metal systems (cellular metal structures or metal foams) are nowadays to
some extent a relatively new type of metallic material. They are characterised by
special properties and find applications in a wide variety of industries, such as the
automotive and transport industries. In particular, foams made of aluminium and its
alloys are used in crumple zones and impact elements of road and rail vehicles. These
foams are used because of their good ability to absorb impact energy. Due to the
relatively high manufacturing difficulty and the complexity of developing new cellular
metallic materials, the determination of their mechanical and physical values is very
important. Initially, the values of these quantities were verified mainly experimentally.
Although this approach gives reliable results, the major drawback is the financial
complexity of special measuring equipment and the cost of the samples to be tested.
Methodologies are gradually being developed and ways of testing their mechanical
properties are being proposed.

The history of metal cellular systems (metal foams), the first mention of which dates
back to 1926, [1]. It is generally stated that the origins of cellular metal systems date
back to the late 1940s [2] when Benjamin Sosnick filed a patent for a "Mass of Metal"
foam manufacturing process. His method took advantage of the fact that in alloys
containing different phases with very different melting and boiling temperatures, the
phases could melt and boil independently. In this process, a multi-phase alloy is
heated, with the alloy composition chosen so that one of the components boils while
the other merely melts. The alloy was in a pressure vessel during heating so that the
metal in the gaseous state could not escape from the melt. The creation of pressure
conditions led to the sudden boiling of the alloy, which could then be cooled. This
produced a solid metallic mass full of closed pores. Since the 20th century, cellular
materials have been constructed from metallurgical base materials [5], their properties
have been systematically investigated and it has been determined for which technical
applications they are applicable. Later, these cellular materials (cellular systems) came
to be more favourably referred to as "foams" and, in the case of metallic systems,
"metal foams", [3]. Over time, many patents have been published for their fabrication.
These patents were focused on variations of foaming processes and today it is difficult
to even assess whether all the proposed ideas would work in the manufacture of
metallic cellular systems. Experts [6] and [7] now believe that the origin of metal foams
(cellular metal systems) dates back to the 1940 s. According to BANHART [7], the
development of aluminium foams started in the 1950s, at Bjorksten Laboratories
(BRL). Also from the late 1950s, there are references to the development of aluminium
foams in the USA, where 30 years later they started to be commercialized under the
name of metal foams (cellular metals), [7].

From the late 1950 s to the 1970s, many patents were created and issued and many
variations of metal foam production were designed. Whether anything was published
alongside these patents is difficult to assess and trace.

Since the end of the 1980s, an increase in scientific activity can be seen, which has
led to the revival of some old techniques, as evidenced by much higher publication



activity. Nowadays, it is observed that metal foam manufacturers and operators are
trying to commercialise the production to a noticeable extent.

As pointed out by BANHART [3], the use of language in this area of research is often
imprecise, BANHART [4] uses the term "foam" to mean a mixture of gas and solid
phase in which the gas bubbles are isolated from each other, while the solid matrix is
a random one that comes from the liquid phase in which the bubbles are arranged
loosely. Nowadays, foam manufacturers try to characterize them, at least stating
whether the foam has open or closed cells.

In the past, research and development work in the field of metal foams has been
carried out mainly empirically, without detailed knowledge of the basic mechanisms of
the foaming process. From the current literature, comprehensive characterizations,
which are very successful, have been carried out and published by BANHART [5] and
[7]. Obviously, the idea of foaming metals is very old, but several technologies for their
production were proposed in the 1950s. Gradually since then, the basic innovations
that are known today and that have led to the variety of processing methods are
constantly being reviewed and innovated. The most important milestones in the
development of foam technologies and some attempts to commercialize metal foams
are presented. Continuous improvements in the production methods of aluminium
foams have led to their recent industrial applications. Based on earlier developments,
a number of new processing methods have been proposed.

In 2000, the book "Metal Foams" by ASHBY et al. was published [6]. This book is a

basic and comprehensive literature for this time. The development of this book was
supported by the British Council for Science and Research in dealing with ultralight
metallic structures. Many researchers and groups have contributed to this book
(Professor B. Budiansky, Professor H. Stone, Professor R. Miller, Dr. A. Bastawros,
Dr. Y. Sugimura, Department of Engineering and Applied Science, Harvard University;
Dr. T. J. Lu, Dr. Anne-Marie Harte, Dr. V. Deshpande, Centre for Micromechanics,
Engineering Department, Cambridge University; Dr. E. W. Andrews and Dr. L. Crews,
Department of Materials Science and Engineering, MIT; Professor D. Elzey, Dr. D.
Sypeck and Dr. K. Dharmasena, Department of Materials Science and Engineering,
UVA; Dr. John Banhart, Fraunhofer Institut Angewandte Materialsforschung, Bremen;
Professor H.P. Degisher and Dr. Brigdt Kriszt of the Technical University of Vienna;
Dr. Jeff Wood of Cymat Corp., Mississauga, Canada; and Bryan Leyda of Energy
Research and Generation Inc., Oakland, CA). Much time has passed since then, and
many researchers are now known to be addressing the issue of fabricating metallic
cellular systems.
In addition to metal foams, there are also methods of producing metallic porous
systems based on tiny "cores" cast into the melt. For this purpose, for example,
particles of table salt NaCl - are used, which are poured directly into the melt or
indirectly by mixing aluminium powder with table salt.

Today, there are a number of methods of manufacturing cellular metal materials
(systems), which have different trade names and have been developed by different
manufacturing or research companies. Such as Alporas, Cymat, Hydro/alco, Formgrip,
Foamcarp, Foamcast, Alulight/Foaminal, Gasar, Duocel, etc.
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A classification of the generally referred metallic cellular materials has been attempted
by BANHART [3], [4], and GARCIA-MORENO [10]. They made a division of the
methods of producing metallic foams based on the two, already mentioned, basic
groups (closed or open cell foams), see Fig. 4.

Metal foams

Closed cell
foams

Open cell

sponges

Polymer f
( ML route ) PM route ( ¢ Placeholder
sponge
\—,//
Alporas (Foamtech) Fominal (Fraunhofer) Investment casting (ERG) Exxentis
Alusion (Cymat) Alulight (SAS) M-pore (Mayser) Castfoam (Alveotec)
Aluhab {Aluinvent) AFS (Pohltec) Coating (Alantum)

Recemat

Fig. 4 Classification of metallic cellular materials (metallic foams)
according to GARCIA-MORENO [10]

As reported by GERLY and CLYNE [11], two basic methods of producing closed-
cell aluminium foams are currently based on molten aluminium. One process has been
developed in Japan (US patent 4713277), which involves adding or incorporating
calcium into molten aluminium. This produces dispersed calcium solids in the
aluminium melt which are designed to increase the viscosity of the melt.
In the next step, a foaming process is carried out. This adds a foaming agent to the
aluminium melt (e.g. TiH2 powder, the thermal decomposition of which produces a gas
for foaming the melt). The second process has been patented by Alcan (US patent
5112697). The principle of this method is to bubble the aluminium melt with a gas,
usually air. The aluminium melt must contain particles of silicon carbide which affect
the retention of the froth cells rising to the surface of the melt. In this method, the
foamed melt is fed onto a moving belt where solidification takes place.

The production of aluminium foam by Hydro Aluminium, Norway, is based on a similar
production process. An alternative method for the production of closed-cell aluminium
foams is given by powder metallurgy, see below. The characteristics of the production
methods of cellular systems according to BANHART [4] are shown in Fig. 5.

Metal vapour — the principle in the production of metal foams from metal vapour (or
gaseous metal compounds) is the condensation of the vapour formed in a vacuum on
a "model" - polymer foam. The condensing metal covers the surface of the polymer
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model and forms a layer of a certain thickness, depending on the specific gravity of the
vapour and the time of its exposure. Subsequently, the polymer is removed by thermal
or chemical treatment [4].

Metal powder — in this process, the powder remains in the solid phase throughout the
production process and is only processed by sintering or other operations. This fact is
crucial for the resulting morphology of the final internal cell structure. In the production
of foams from the liquid phase, the surface tension produces predominantly closed
pores, whereas foams produced by sintering metal powders have a structure with
relatively round pores separated by thin walls of solidified melt. At present, the sintering
of metal fibres or powders is the simplest method of producing porous metals and is
widely used in powder metallurgy [4].

lonised metal — the metal foam material is created in this process by electrically
deposition of polymer foam with open pores. In order for plating to occur, the polymer
foam must be electrically conductive. This is achieved by immersing the polymer foam
in an electrically conductive graphite or carbon black-based solution. The final
operation is annealing, where the polymer foam is removed [4].

Cellular metals

'

'

v

b

Metal vapour Liquid metal Powdered metal Metal ions
Vapour deposition Direct foaming with Sintering of hollow Electrochemical
spheres deposition

gas
Direct foaming with
blowing agents
Gasars

Powder compact
melting

Casting

Spray forming

Gas entrapment
Slurry foaming
Pressing around
fillers

Sintering of
powders or fibres
Extrusion of
polymer/metal
mixtures
Reaction sintering

Fig. 5 Characteristics of manufacturing methods of cellular materials according
to BANHART [4]

Liquid metal — one of the options for producing porous material from the liquid phase
is direct frothing of the melt with gas or a frother. It is also possible to use foundry
methods, e.g. technology using an evaporable disposable model or infiltration of liquid
metal into a mould cavity filled with a solid material of defined shape and geometry
(precursor, perform), which is removed after solidification of the metal
leaving pores in the material structure. Another production option is the melting of
powder mouldings containing a frother that releases a gas during decomposition [4].
Figure 6 shows an overview of metal foams or metal cellular systems.
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Fig. 6 Overview of cellular systems or metal foams according to [3] and supplemented
according to the present

The "Slovak School", a research facility a collective of employees of the Institute of
Materials and Mechanics of Machines of the Slovak Academy of Sciences in Bratislava
has been involved in the development of aluminium foams for a long time. FrantiSek
Simanéik has been working on this development since 1993 and has created a
methodology for the design and production of reinforced aluminium foams based on
powder foaming systems. Reinforcing the foam significantly reduces its sensitivity to
tensile stresses and virtually eliminates its sudden failure during tensile overload. This
allows the use of aluminium foam as a load-bearing component in a variety of structural
applications.

The expertise of Jaroslav Jerz, who graduated with a doctorate from the Technical

University of Vienna in 1995, was used. He defended his doctoral thesis on
"Gasification of aluminium and aluminium alloys by powder metallurgy". Today, this
department is a world-renowned institution for the production of aluminium foams.
Their other staff have also contributed to this.
Workers at VSB TU Ostrava do not deal with the production of aluminium foams by
classical (foaming) foaming methods, but focus on foundry methods that lead rather to
the production of porous materials. They describe the foundry method used as the
production of cast metal foams with an irregular arrangement of internal cells. The
production of these porous materials is based on the production of precursors. Petr
Lichy, Tomas Elbel, Vlasta Bednarova, Ivana Kroupova and others participated in this
development.

At present, the production of aluminium foams is also being dealt with by the staff
of FS CVUT in Prague, especially Ale§ Herman. There are more than 500 workers in
the world who continuously publish the results of their research activities focused on
the production and properties of cellular metal systems, or aluminium foams.
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1. CHARACTERISTICS OF CELLULAR METAL SYSTEMS AND THEIR
PRODUCTION

Cellular (cellular) metal systems are often called "porous metals (metal foams)".
They can exhibit various unique physical properties such as low apparent bulk density,
high shock energy absorption, low thermal conductivity, high gas permeability and high
specific stiffness, [1]. These materials can potentially be used in many areas, including
lightweight construction, damping, shock absorption, thermal insulation, catalyst
support, and biomedical implants. The structure of cellular metallic systems metallic
"foams" - can be seenin Fig. 1.1.

Fig. 1.1 Structure of cellular metallic systems metallic "foams" [1],[2]

As is evident from the appearance of the light metal cellular systems, a suitable gas
or a suitable gaseous substance, or a substance which converts to a gaseous
component on heating, is required for their production or "foaming" of the melt.
Suitable substances include, for example, titanium hydride. Titanium hydride (TiH2) is
used as a foaming agent in the production of metal "foams" such as aluminium and
zinc alloy foams.

Table 1-1 shows the basic methods of producing metal "foams" and lists their current
producers, and the names of registered trademarks are given
in parentheses.

Nowadays, thanks to metallographic methods, it is possible to evaluate
metallographically very well the cells of cellular metal systems, see Fig. 1.2 (left). There
are also now simulation programs such as CFD — Computational Fluid Dynamics
(numerical simulation) created to numerically simulate fluid flow or heat transfer in
a metallic cellular system with open cells, see Fig. 1.2 (right).

Table 1-1 Overview of the basic methods for the production of aluminium "foams"
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Direct foaming

Indirect foaming

Technological procedure

Technological procedure

Alloy melting

Preparation of foam precursor

Alloy preparation by foaming

Melting of precursor or precursors

Formation of gas bubbles

Creating the entire foamed system

Foam collection

Solidification of foam

Solidification of foam

Manufactured products

Manufactured products

Cymat, Canada (SAF)

Alm, Germany (AFS)

Foamtech, Korea (Lason)

Alulitgth, Austria (Aluligth)

Hutte Klainreichenbach (HKB)

Gleich - IWE, Germany

Austria (Metcomb)

Schunk, Germany

Shinko Wire Company, Japan (Alporas)
distributor: Gleich, Germany

Fig. 1.2 Cellular metal structure (left), heat transfer and flow simulation results using
CFD software on 3D open cell foam geometry (right)

The study of metal cellular systems (metal foams) has become attractive to
researchers interested in scientific and industrial applications [1]. In this paper, different
methods of producing these foams are presented and discussed. Some techniques
are based on specially prepared molten metals with modification of their viscosity. Such
melts can be foamed by gas injection or by the addition of gas-releasing
superconductors, which cause the formation of bubbles during in situ decomposition.
Another method is to prepare supersaturated metal-gas systems under high pressure
and initiate bubble formation by controlling pressure and temperature. Finally, metal
foams can be produced by mixing metal powders with superfluid, compacting the
mixture and then foaming the compact by melting. Different foaming methods, foam
stabilising mechanisms and some known problems with the various methods are
described in this book. In addition, some possible applications of metallic foams are
presented, which are known for their interesting combinations of physical and mechanical
properties, such as high stiffness coupled with very low specific gravity or high compressive
strength and good energy absorption characteristics. Although interest in these materials is
increasing, there are some shortcomings in the characterisation of the term 'metal foam'. The
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term is often used generically to describe materials that do not foam in the strictest sense. It is
BANHART [1] who points out the correctness of the interpretation of the name "metal foams".
According to BANHART [1], a distinction must be made:

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

Porous metal systems Porous metals: are a special type of cellular metal confined to
certain types of cavities. The pores are usually round and isolated from each other.
(Solid) metal cellular systems (solid metal foams) are a special class of cellular
metals that originate from liquid metal foams and therefore have a limited morphology.
The cells are closed, round or polyhedral and are separated by thin layers.

Metal sponges: morphology of cellular metal, usually with interconnected cavities.
Generally, however, all of these systems are referred to in the technical literature under
the collective term metal foam without further description.

The production of cellular metals in the most general sense, as described in
published works [2], do not always involve foaming methods. The polymeric foam is
first opened by a special treatment and then replicated to obtain the metallic structure.
Replication can be done by metal vapour deposition, electroplating or casting. The
result is a structure with open porosity rather than foam. The foaming process has
nothing to do with the metallic state as only the polymer precursor has been foamed.
Other structures can be used as templates for creating cellular materials: loose or
sintered parts of inorganic or organic granular matter, hollow spheres or even regular
polymer structures. Fig. 5 and Fig. 6 show an overview of the methods available for
the production of metal foams [3], [4].

Significant factors in the production of metal cellular systems
One of the important factors for the production of metal cellular systems is whether
it is used:
e molten metal;
e metal powder (although the actual foaming always takes place in the liquid
state).

The second difference is the source of the gas that contributes to the foam or
"porosity" of the metal system. The types of gas sources are:
e external gas source,
e The gas source can be in the form of a blowing agent (super fuel), which can
be distributed in so-called "in-situ” (in certain locations).
e or dissolved gas is not used [1].

The third factor is the method of frothing, which can be instantaneous (that is, the
addition of gas leads to instantaneous frothing) or an intermediate product is formed
which can be frothed at a later stage (delayed frothing).

The fourth important factor is the foam stabilization mechanism, which is different
for different methods. Some methods have been given a trade name, others
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characterize "foam". Table 1-2 shows that there are about 5 basic types of "metal foam"

production.

Table 1-2 Schematic of methods for the production of metal cell systems, or metal
foams, redrawn from [1]

Production of cellular metal systems

Starting
substance Melt of the relevant metal Metal
(precursor) powder
Foaming Stirring Gas injection Melt injection | Hydrogen Naphthenic
agent foaming into the melt and in the melt acid in the
agents powder for form of
into the gasification powder
melt into shape
Stabilization Oxidation Intrinsic Residual
foaming in the melt Addition of ceramics viscosity oxides
Source Gassing External source Gassing Dissolved Gassing
gas agent gas agent gas agent
The gassing
process Instant Instant Delayed Instant Delayed
Business name Formgrip Foaminal/
Alpor Hydro/Alcan Foamcast Gasar Alulight
MEPURA
Cymat Aluminium, patent,
Canada Alulight
Manufacturers | Shinco Wire Metcomb, LKR Austria
Company, Kleinreinchenbach, Ukraine IFAM,
Japan Austria Fraunhofer
Institute,
Bremen,
Germany

The division of the production of "metal foams" is rather unclear in the literature,
and the translation of the names from the English literature contributes to this.
Therefore, the following simple division can be made, according to BANRART [1] and
supplemented by the division of RAJAK [13]:

The basis of foam production is the melt
1) Methods of gas injection into the melt
1.1 Hydro/Alcan method (Cymat)
1.2 Metcomb method
2) Mixing the frother(s) into the melt
2.1 Alporas method (Shinco Wire Company, Japan)
2.2 Gasar method (Gascar), autoclave processing.

The basis of foam production is metal powder (powder metallurgy method)
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3) Production of foams from moulded powders of mixtures of metal and foaming agent
1.1 Pressing of powder mixtures and subsequent foaming in a mould in a hot oven
(trade names of Alulight, ASF and ALM foams, IFAM technology);
1.2 Low-pressure casting
1.3 Rolling sheet metal into a semi-finished product
4) Gas melt supersaturation
5) Foam production using polymer templates

As can be seen from the above overview, there are in general a larger number of
methods for the production of "metal foams", but chapters 1), 2), correspond to Table
1-2.

One of the most used methods according to BANHART [1] is shown in Fig. 1.3(b).

1.1 Methods of manufacturing cellular systems by direct melt filling (gassing)
[1], [2], [13]

1.1.1 Melt charging by feeding gas into the melt from an external source,
HYDRO/ALCAN method, CYMAT

This method of producing "metal foams" is based on a starting material which is
a melt of the relevant metal together with a stabilising agent. The stabilizer or stabilizing
agent is usually a ceramic substance, e.g. SiC, Al2O3, etc. An external gas source is
used, the gas is injected into the melt and the gassing process takes place
immediately. Various gases can be used to form bubbles in the liquid aluminium. Air is
the most commonly used, followed by carbon dioxide, oxygen, and inert gases. lItis
even possible to inject water into liquid aluminium under certain conditions, which is
the source of bubble formation.

Only under certain conditions can metallic melts be foamed by forming gas bubbles
directly in the melt. The gas bubbles formed in the metal melt quickly float to the
surface of the melt due to the large buoyancy forces generated in the metal melt.
Because metal melts have a high density against water. Therefore, there is a great
danger of gas bubbles escaping outside the melt. This would invalidate the gassing
process. Therefore, a so-called stabilizing agent must be added to the melt, which
affects the conditions for maintaining a foamed melt at the melt-environment interface.
In general, stabilizing agents are viewed as substances that modify or increase the
viscosity of the melt. However, BANHART, oral communication 22.2.1918, does not
consider the effect of the agent to affect viscosity, although it appears to do so. He also
presents in literature. He regards this property as something other than an increase in
the viscosity of the melt.

The protagonists of this method of producing metal foams state that an increase in
the "viscosity" of the molten metal is used to prevent unwanted leakage of gas bubbles
outside the melt (without the effect of its desired foaming). Generally, these "viscosity"
influencing agents are added to the melt as fine ceramic powders alloying elements or
other agents which contribute to forming a stabilizing property of the melt during
foaming. Metallic melts may be foamed in one of three ways: by injection of gas into

18



the liquid metal from an external source, by the action of in situ gas generation in the
melt by mixing of foaming (or supercharging) agents releasing gas into the molten
metal, or by the action of gas which has previously been dissolved in the liquid. Fig.
1.3a) is a block diagram of the Alcan (Hydro/Alcan) process and Fig. 1.3b) is
a picture diagram.

Introduction of a

.| rotating wheel into N Conveyer belt for
Metal melt 7| the melt (for mixing | foaming metal foam
a bubble formation) l
Adding reagents for Metal foam

foam stabilization

Fig. 1.3 a) Block diagram of the Alcan (Hydro/Alcan)+ foam stabilizing agent process
is e.g. Al,O3 [13]
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Fig. 1.3b) Method of manufacturing cellular systems - Foaming of Melts by Gas Injection
(Hydro/Alcan) [2], AISi9 alloy structure using direct gas foaming (bottom, middle), CURRAN
[18], IBRAHIM [28]

This method of foaming aluminium and aluminium alloys is used by Hydro
Aluminium in Norway and Cymat Aluminium Corporation in Canada, [3], [4]. In this
process of producing "metal foam" (see Fig. 1.3a) and Fig. 1.3b), silicon carbide,
aluminium oxide or magnesium oxide is used. Patrticles of these chemical compounds
are used, as generally — but incorrectly used according to BANHART [1] to increase
the "viscosity" of the melt. Therefore, the first step involves the preparation of an
aluminium melt containing one of these substances, making it a Metal Matrix
Composite (MMC). This first step reportedly requires a sophisticated mixing technique
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to ensure uniform particle distribution. Different types of aluminium alloys can be used
to prepare the melt.

The melt is foamed in a second step by injecting gases (air, nitrogen, argon) into
the melt using specially designed rotary impellers or vibratory nozzles. These create
very fine gas bubbles in the melt and distribute them evenly. The resulting viscous
mixture of bubbles and metal melt floats to the surface. Above the surface of the melt,
the foam is in a liquid state. As it reaches the conveyor belt, for example, its
temperature drops and it turns into a solid foamed material. Due to the ceramic
particles added to the melt, both the foam in its liquid state is relatively stable and the
solidifying foam, which can be pushed off the surface of the melt (e.g. by a conveyor)
and then subsequently solidifies and cools, acquires this stability. In this case, the
typical thickness of the solidified foam is about 10 cm. The volume fraction of
"reinforcing”, i.e. ceramic particles, ranges from 10 % to 20 % by volume, with a mean
particle size of 5 um to 20 um. The choice of particle size and content is most often
made based on experience. The recommended particle size and content can be seen
in Fig. 1.4.
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Fig. 1.4 Volume content of particles in relation to particle size [1]

The densities of aluminium foams produced in this way range from 0.069 g-cm to 0.54
g-cm3, average pore sizes from 25 um to 3 mm and wall thicknesses from 50 um to
85 um, [6]. The average cell size is inversely related to both average wall thickness
and bulk density and can be affected by gas flow setting, impeller speed, nozzle
oscillation frequency and the influence of other parameters. Fig. 1.5a) shows an
example of foam produced according to this technology.
Cymat® Canadian company Cymat Corporation, which has obtained patents from
Alcan and Norsk Hydro, and has also created parallel patents created by Norsk Hydro,
produces foamed aluminium by the gas melt method from an external source. For the
production of aluminium foam at CYMAT, the following sub-operations are important
for the continuity of the different technological steps:

1) Melting and metallurgical preparation of melt containing ceramic particles (Metal

Matrix Composite - MMC);
2) Introduction of gas or air into the MMC mel;
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3) Creation of a gassed melt;
4) Solidification of gassed melt.

Smelting and metallurgical preparation of the melt - for this purpose, an aluminium
alloy of the Al-Si type is used. Ceramic particles are added to the melt of this alloy,
which prevent excessive fluidity of the aluminium alloy, or increase its viscosity, and at
the same time are also referred to as stabilizing agents for stabilizing air bubbles, or
for the formation of aluminium foam. Particles or powders of silicon carbide (SiC),
magnesium oxide (MgO), aluminium oxide (Al203), titanium diboride (TiB2), zirconium
oxide (ZrOz2), silicon nitride (SisN4) can be considered as ceramic particles. Other
suitable solid materials which exhibit a similar stabilising effect may also be used.
Ceramic particles are most commonly used at 10 to 20 % by volume, but the amount
must not exceed 25 % by volume in the aluminium melt. The size of the ceramic
particles shall be in the range of 0,5 ym to 25 um, but a range of 1 um to 20 pym is
recommended. In practice, elongated particles with a ratio of 2:1 are more commonly
used. Adding the particles to the aluminium alloy melt and mixing them thoroughly
throughout the melt volume produces a composite material — Metal Matrix Composite
- MMC. The ceramic particles are believed to aid foam stability through the following
mechanisms:

e increase the viscosity of the aluminium melt;

e slow the flow of melt through the cell walls and help maintain a stable foam

structure;

e promote force conditions, the repulsive force helps maintain the thickness of the

cell wall between two adjacent gas cells;

¢ reduce the melt outflow that occurs due to the gravitational force around the gas

bubble.

The authors [63] recommend SiC-based ceramic particles. They recommend heat

treatment before their use. The heat treatment is based on heating them first to 950 °C
for 1 hour, then to 650 °C for 2 hours.
SiC heat treated in this way is recommended for the foaming process. A quantity of
10 to 20 % by volume is mixed into the melt at a temperature of 650 to 680 °C with
a rotary stirrer at a speed of about 14 00 rpm for 5 to 15 minutes. In doing so, the melt
with ceramic particles (MMC — Metal Matrix Composite) is gradually heated until it
reaches a temperature of 730 °C. This melting temperature is required for the foaming
process. This heated and stirred melt is then poured into a frothing crucible (frothing
device or frothing furnace). Tools such as ladle, and pan must be made of refractory
material, the authors [63] used low carbon steel for the ladle, the surface of which was
protected by a zirconium coating.

The gas supply to the melt — for this there are specific constructions, from the rotating
wheel to the special oscillating nozzle system presented by e.g. ARC
Leichtmetallkompetenzzentrum Rainshofen GmBH. The authors [63] used a nozzle to
blow air into the melt. The gas is fed into the melt from an external source. This gas
can be air, oxygen-enriched air, nitrogen, argon, etc.
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Melt foaming from an external source — the foaming equipment includes a box-type
furnace which is heated by resistance heat. It is constructed in such a way that a gas
supply to the melt is created into the bottom of the filling cup using a nozzle. It is
possible to use a relatively high cylindrical crucible (researchers [64] used a crucible
of conical shape & 170 mm, & 140 mm and height 350 mm, the volume of the melt to
be foamed was 1100 ml). Compressed air was blown into the melt of aluminium alloy
with particles of the corresponding ceramic (of a certain amount) through a nozzle.
The amount of air was monitored by a measuring device. The authors [63] used air
whose quantity was 2 to 4 I/min, at a pressure of 0.2 MPa (for foaming they used SiC
particles, about 5 um 5, 10, 15 and 20 vol.%). The results obtained showed that the
type of gas (often related to the type of ceramic particles), then the pressure or the
amount of gas supplied, is important for successful melt foaming. This tends to be 1-3
I/min, the pressure tends to be 0.1 MPa and 0.2 MPa, for a quantity of 4 I/min the
pressure tends to be 0.3 MPa. Flushing times and pressure values are not often
reported in the literature. The temperature of the froth melt is usually 725 to 760 °C.
Once the crude MMC is melted, it is then transferred to a frothing device where the
gas is injected into the melt and dispersed using rotating impellers or vibrating nozzles.
Bubbles rise to the surface and the resulting cast metal foam mixture rises out
out of the foaming device due to its density relative to the density of the molten MMC.

In the production of metal foam, the foam is simultaneously removed from the
surface of the foamed melt, for example using a conveyor belt. While the foamed melt
is being drawn off by the conveyor belt, it gradually cools to form a rigid porous metal
structure.

The solidification of the liquid foam takes place under specific conditions, which are
determined by the contact of the liquid foam with its surroundings.

CYMAT produces boards that solidify in the air. Furthermore, the foam can be

solidified in a foundry mould, in a foaming cup after the foaming process is completed.
Aluminium foam products manufactured by CYMAT are marketed as SAF — Stabilized
Aluminium Foam. This method is shown in Fig. 1.5b). Stabilized aluminium foam cast
by Cymat Technologies. It must contain less than 25 % stabilising particles by volume.
MMC. Although this is a controversial subject, it is generally accepted that the presence
of solid particles helps to "stabilize" bubbles. Itis believed that the particles aid in foam
stability. A rotary or vibratory pump takes care of the even distribution of fine gas
bubbles in the melt. The presence of the particles in the foam helps to impede the flow
of molten metal in the direction of gravity and also prevents the collapse of the cell
walls, thus keeping the molten metal in.
The advantage of the direct foaming process is the ability to continuously produce large
volumes of foam with low specific gravity that can be achieved. MMC foams are
therefore likely to be cheaper than other cellular metal materials. A possible
disadvantage of the direct foaming process is the potential need to cut the foam, thus
opening the cells.
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A foamed, pure metal melt that does not contain additives, using inert gas injection
into the melt, can be a means of eliminating some of the undesirable side effects of
stabilizing additives in metal melts, such as embrittlement, [2].

To maintain low viscosity, the melt-foaming process must be carried out at
temperatures very close to the melting point. This can be achieved by bubbling gas
through the melt, which is continuously cooled, e.g. in a continuous casting process.
The bubbles are then trapped in the solidifying melt and form a foamed structure. In
the liquid state, such systems are very unstable compared to metal-stabilized particles,
which can remain liquid for some time.

Fig. 1.5a) Cellular metal system produced by direct gas injection melt foaming, the plate can
reach a thickness of up to 100 mm), manufacturer Hydro-Aluminium, Norway,
BANHART [1]

Fig. 1.5b) Conveyor belt of the continuous aluminium foam production line by CYMAT [1]

1.1.2 Melt charging by feeding gas into the melt from an external source,
METCOMB method

The method of producing aluminium foams under the METCOMB brand name was
introduced in 2000 by the Austrian company LKR (Leichtmetall-Kompetenzzentrum
Ranshofen) and the Hutte-Klein-Reichenbach metallurgical plant. This method is
similar to the HYDRO/ALCAN method, but the METCOMB method differs from the melt
straining method, which has been improved [14]. The basis of the new concept is the
specific design of the gas injection nozzle, which leads to foaming with excellent gas
cell size uniformity. The new concept of the method is also in the fact that the foam
metal is introduced into the mould. Thus, complex foam structural parts with a closed
outer layer (surface crust) can be produced.
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The production of foamed aluminium under the commercial name METCOMB® is
shown in Fig. 1.6a). The basis of the process is the formation of gas bubbles in the
melt, which rise to the surface of the melt and accumulate in the mould cavity. The
mould is then cooled, and the foamed melt solidifies in the mould. Depending on the
application, a foamed metallic material with closed cells is formed. This process is
protected by 5 patents and is focused on the production of complex three-dimensional
parts and components. This is where this method differs most from the Cymat method,
which produces continuously simple foam plates. Silicon carbide or aluminium oxide
particles of around 20 % by weight are also used to increase the viscosity of the melt.
The volumetric weight of products produced by the METCOMB method ranges from
400 to 900 kg-m3. The METCOMB method is another method of producing foamed
aluminium and aluminium alloys, similar to the already commercially used method of
Cymat Aluminium Corporation, Canada Silicon carbide, aluminium oxide or
magnesium oxide particles are used to stabilise the foaming melt. Typically, one of
many common aluminium alloys is used to prepare the melt. The proportion of the melt
volume that is foamed by the stabilising particles varies from 10 % to 20 %. The
average particle size is between 5 ym and 20 pm.

pos— w— Casting mould

Heating

Aluminium melt + SIiC (A1O;)

Gas supply

Fig. 1.6 a) Schematic of the Metcomb method [14]

The METCOMB method, in which the melt is foamed by injecting gases (air,
nitrogen, argon), includes specially designed vibrating nozzles or specially designed
rotating impellers. These special design elements create evenly distributed gas
bubbles in the melt. The resulting viscous mixture of bubbles and molten metal or
aluminium alloys floats to the surface of the melt. At this surface, it turns into a dry
liquid foam which is fed into the mould. At the melt surface, the foam is relatively stable
due to the presence of ceramic particles already added to the melt. The foamed
material is either the shape of the cavity of the mould used or mounted on the foundry
machine. These foamed products have a closed outer surface where the crust is
located. Or the melt is foamed to produce foamed blocks. The desired shape can be
separated from this foamed block. Due to the high content of ceramic particles,
machining of these foams can be a problem. The advantages of this direct foaming
method are the large volume of foam that can be continuously produced and the low
density of the foam produced can be achieved.

24



Recently, this foaming (sparging) method has been applied at the Light Metals
Competence Center (LKR) and the metallurgical plant in Kleinreichenbach, both
production units in Austria [14]. The key point is the new gas injection concept, which
leads to foams with excellent cell size uniformity.
In addition, by casting the foam into moulds, foam parts with complex shapes are
formed and a closed outer crust can be formed. "Metcomb" is the trade name of this
type of aluminium foam for its commercial use. Selected data related to the Metcomb,
Alporas, and Alulight methods are summarized in Table 1-3.

Table 1-3 Comparison of the properties of aluminium foams produced by different

methods, [1]

Comparison of the properties of aluminium foams produced by different methods

Shape of the system
being monitored

Panels
<16x1x0.2md
episode, Metacomb

Blocks
<2x0.6x05m3
10 mm thick sheets

Features Cymet or Metcomb, Alpor Alulight
type of foam type of foam type of foam
Blocks

<1x0.5x0.2m3
sandwich panels
<2x1x0.02md

Foam information and
foam distributors

(2001);
Leitmaier et al.
(2002);
Kenny (1996);

AFS
Bulk weight [kg-m-] 69 to 540 180 to 240 300 to 700
Pore diameter [mm] 3-25 21010 2t0 10
Foam wall thickness [um] 50-85 - 50 to 100
Materials of foams Al alloys Al, AlZnMg metal alloys: Al, Zn,
Pb, Sn
Reference Ashby et al. (2000); Ashby et al. (2000); Ashby et al. (2000);
Harte and Nichol Miyoshi (1999); Baumgartner (2000);

Baumaister (2000);
Stanczik et al. (2002);
Seeliger (1991), (2001)

www.comat.com;
www.lkr.at
www.hkb.at

www.metalfoam.co.kr
www. gleich.de

www.alulight
www.alm-gmbh.de
(ASF);
www.ifan.iwu.de
www.lkr.at

Leitimeier et al. [14] modified the METCOMB method. The foaming process by gas
blowing using a new gas bubbling device that controls the formation of gas bubbles
and the conduction of foam-stabilized particles on the melt surface into the mould, see
Fig. 1.6a). It has also been shown that shallower depths of the "submerged gas"
bubbling device lead to unstabilised bubbles and bubbles bursting on the melt surface.
The immersion of the sparging system ("submerged gas" sparging) into the sparging
device increases with decreasing particle content (Al2O3 and SiC). The use of nitrogen,
as a foaming agent, resulted in more frequent bubble bursting before reaching the melt
surface compared to the use of air or oxygen. It was also found that when nitrogen was
used for foaming, SiC covered the wall surface. While the foams produced by oxygen
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frothing of the melt, the cell wall surfaces and SiC particles were covered by a thin
oxide layer. Fig. 1.6 b) shows an example of the stable processing condition of foam
produced by CYMAT as a function of the distance of bubble movement on the SiC

particle content in the melt.

100
§ R0 - Foam stability area
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Fig. 1.6b) Stability criterion for aluminium foam (AISi7TMg0.3 alloy, temperature 727 °C),
LEITLMEIER, [14]

At small bubble movement distances and low SiC content, the bubbles lose stability,
as shown in Fig. 1.6b). While bubble stability is achieved at long bubble motion
distances and high SiC particle volume, see Fig. 1.6b). Fig. 1.6¢) shows an example
of aluminium foam-filled shaped profiles which were fabricated using the METCOMB
method (manufacturer LKR Ranshofen).

Fig. 1.6¢c) Example of aluminium foam-filled moulded profiles, METCOMB method
(manufacturer LKR Ranshofen) [46]

Fig. 1.7) is an application of the METCOMB principle, the configuration for casting
aluminium "foam" shows a crucible, rotating impellers and a ceramic shell mould
attached to the crucible during casting. The entire assembly remains in the electric
furnace during the aluminium "foam" process. The material used for the casting was
a composite material, an aluminium alloy containing about 20 % silicon carbide
particles. This alloy was melted in a graphite crucible in a furnace with resistance
heating. The foaming equipment consisted of a stainless steel impeller connected to a
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stainless steel shaft. The steel gear was driven by a hand drill (600 to 800 rpm- min?).
During rotation, air was supplied to the melt just below the impeller by a steel pipe. The
air flow rate was 6 to 7 |- min't and the air pressure was maintained at 0.2 MPa (2 bar).
The function of the impeller was to specify the size of the air bubbles and their
distribution in the melt. A ceramic shell mould was used to shape the aluminium foam,
made in a conventional way from zircon and molachite refractory material with a shell
mould thickness of 6 to 7 mm.

Foam Crucible

/ cover

Mould entrance

opening
@

Rotating Ceramic

shaft and / mould sprue

impeller

Crucible
Metal Shaped

part
Drained
metal

Fig. 1.7 Schematic of the METCOMB method principle, casting configuration showing the
crucible, rotating impeller blades and ceramic shell mould made by
the melt model method [17]

For casting, the ceramic mould was connected to the lid of the ceramic crucible by
a 40 mm diameter mould extension channel. This extension channel was open and is
shown as the 'mould inlet', see Fig. 1.7. The required temperature of the melt was 690
°C, and the temperature of the mould showed a stable temperature. The melt was
briefly stirred with a rotating impeller to mix carbide particles that might settle on the
bottom of the crucible during melting. Immediately thereafter, pressurized air was
introduced into the airline to create bubbles in the melt or to froth the melt. The process
continued until the space above the melt in the crucible was filled with foam. Then the
mould began to fill with foam. Only when the mould channel was filled with foam did
the rotation of the impeller stop. It is possible to extend the rotation of the wheel in this
case by about 20 seconds to ensure that the mould is filled with foamed melt. The
mould is then removed from the furnace to allow the foamed melt to solidify in the
mould. Fig. 1.8 shows an example of the cast produced and its foamed structure
produced by the application of the METCOMB method.
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If the structure contains different pore sizes, this lack of homogeneity in pore size is
probably related to the manual control of the foaming process.

In this foaming technology, it is necessary to find a suitable relationship between
the fit and inclination of the rotating disc, the rotation speed and the speed and talk of
the gas inlet. The volumetric weight of the foam produced is from 900 to 1200 kg-m-3.

k|

3 .
Ll O Ty

Fig. 1.8 Castings produced by METCOMB method and view of the obtained filler
structure [17]

1.1.3 Melt foaming by adding a foaming agent to melts, ALPORAS method
Another method for producing "metal foams" is the ALPORAS method (Foaming of
Melts with Blowing Agents), Shinko Wire Company, Japan. lllustrative diagram of the
main steps of the preparation of the technology, in Fig. 1.9a) and block diagram in Fig.
1.9b), [13] CURRAN [18]. The ALPORAS method [21], [22] is classified as the direct
addition of a foaming agent to a thickened melt, most commonly aluminium or its alloy.
Aluminium foam is produced from molten aluminium with bubble stabilisation in the
melt. To stabilize the bubbles, it is necessary to increase the viscosity of the melt and
prevent bubbles from floating or escaping from the melt. To increase the melt viscosity,
calcium is used, which acts as a melt thickener, that is, it contributes to increasing the
viscosity of the melt, which is the starting substance of the process.
Stabilization of the process is realized by oxidation of the melt. The gas source is
a gassing agent, in this case, titanium hydride (TiH2). The use of a gassing agent
makes the gassing process instantaneous. The gassing agent is added directly to the
melt instead of being injected. The temperature of the melt causes the frothing agent
to decompose and release the gas (TiH 2— Ti + H2), in this case hydrogen, which is
then the source of the frothing process (see Fig. 1.9a) [18]. Unfortunately, all aluminium
foam manufacturing processes are patented and therefore, the literature information
on foam production is very brief.
The process of aluminium foam production using the ALPORAS method can be
described as follows:

1) A box-type melting furnace is used to prepare the aluminium melt (pure aluminium
has a melting point of 660 °C). Approximately 1.5 % by weight of calcium is added
to the aluminium melt with stirring. The calcium may also be in the form of a suitable
alloy. The aluminium melt is assumed to have a temperature of 680 °C. At the
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same time, air is introduced into the melt. A dispersion system of CaO and CaAlO
particless is formed, which are dispersed in certain areas of the melt.

Fig. 1.9a) Schematic of the main steps of the direct melt filling process with the desired
viscosity in the ALPORAS production method [18]

2) To the aluminium melt, which has a temperature of 680 °C, 1.6 wt. % of a foaming
agent, what is TiHz, is added and quickly mixed into the melt. The foaming process
starts almost immediately, and the stirrer must therefore, be removed from the
melt.

3) The setting time of the foam can be adjusted to some extent to control the level of
porosity achieved.

The foaming agent is added directly to the molten metal as shown in Fig. 1.9a),
provided that the TiH2 foaming agent powder can be uniformly dispersed in the melt
before the beginning of the onset of its decomposition to form hydrogen. The hydrogen
will contribute to the formation of pores throughout the melt volume or, after
solidification, throughout the metal volume. As with the direct method, the addition of
air is necessary. Air is blown into the aluminium melt containing 1.5 wt. % calcium for
6 minutes at a temperature of 680 to 720 °C. The melt is stirred for several minutes,
during which time its viscosity increases steadily as oxygen from the air combines with
the calcium to form calcium oxide (CaO), calcium-alumina (CaAl204) or an intermetallic
phase (AlsCa), which thickens the molten metal. Fig. 1.7a) shows the effect of stirring
on the viscosity of aluminium melts with different amounts of calcium additions [10].
Calcium oxide (CaO) and calcium-aluminium oxide CaAlOa, or AlsCa, are dispersed in
certain areas of the melt due to melt stirring. These agents (CaO and CaAlO4), when
added to the foaming agent, stabilize the foamed melt (molten foam) against collapse,
which is usually achieved by adding a reactive agent such as calcium [19] or
magnesium [21]. Both of these elements exhibit a high affinity for oxygen, as known
from the Ellingham oxide diagram. These elements are added to the melt under
vigorous stirring. Figure 1.9b) shows a block diagram of the ALPORAS method.

The viscosity of molten aluminium can also be increased by bubbling (over-
bubbling) oxygen, air or the use of other gas mixtures in the melt, which causes the
formation of alumina, which also contributes to the increase in aluminium viscosity.
Proper process setup is quite difficult and requires complicated temperature cycles and
mechanical mixing.

29



Then, 1.6 wt% TiH2 is added to the melt and held at 680 °C for 4 to 15 minutes. The
resulting initial gas, Hz does not have such a foaming effect, only after a certain time
the foaming of the aluminium melt starts to take place [19].

An aluminium alloy containing Ca and TiHz is poured into a casting mould. The foamed
melt is then cooled in the mould.

Aluminium melt Calcium 1.5 wt.%:

Mixing of calcium
with Al melt

'

Mixing of air into Powder TiH,
the Al melt

Incorporation of TiH, /
powder into the

Al melt

!

Casting the melt thus

prepared into the
appropriate mould

:

Solidification of Al
melt in the mould,
production of foamed
material

}

Foamed aluminium
material

3

Catting foamed
aluminium material
into blocks of
material

Fig. 1.9b) Block diagram of the ALPORAS method [13], [21]

Aluminium foam with a relatively uniform cell structure is obtained in batches up to
160 kg, with a density ratio of foamed material: unframed (pr/ps) = 0.05 to 0.3 and
a closed cell size of 2 to 10 mm [18].

A certain disadvantage is the high price of the foaming agent and calcium. Although
the efficient production of large blocks of foam in regular shapes is very challenging.
This production is related to the requirement of mixing the entire volume to disperse
the foaming agent. It also means that this production method cannot produce complex
shapes. Attempts have been made to develop injection techniques using metal foam,
whereby the melt is injected into the mould as it foams, but with limited success: the
heating and cooling rates are difficult to control across the sample and the injection
pressure is necessarily low to avoid crushing the molten foam, which favours an
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irregular cell structure. Their bulk mass decreases significantly with distance from the
injection site [22], [23].

Shinko Wire Company, Amagasaki, Japan, has been producing foams in this way
since 1986 with production volumes of only 1,000 kg per day, see Fig. 1.9¢). In the first
step, approximately 1,5 % by weight of calcium is added to the aluminium melt
(aluminium alloy) at 680 °C. Once the desired viscosity value has been reached,
titanium hydride (TiH2) is added (typically 1,6 % wt.). Titanium hydride, as already
mentioned, serves as a foaming agent. As a result, thermal decomposition releases
hydrogen gas in the molten metal (hot viscous liquid). The melt soon begins to slowly
expand and gradually fills the frothing vessel. The foaming takes place at constant
pressure. Once the mould has cooled below the melting point of the aluminium alloy
used, the foamed aluminium melt is transformed into a solid aluminium foam which is
removed from the mould and can be further processed, and cut into smaller blocks.
The entire foaming process can take 15 minutes for a typical batch (2,050 x 650 x 450
mm?). Careful adjustment of the process parameters has been shown to produce
homogeneous foams, see the structure in Figure 1.10Db).

1.5%

&
oure AI 1.6% TiH:

680 °C 680 °C : -
thickening foaming cooling foamed block  slicing

Fig. 1.9c) Commercial scheme of the Alporas cellular metal system production method (foam
produced by direct melt foaming based on the addition of gas-releasing powders) [1]

Fig. 1.10a) shows the dependence of dynamic viscosity (apparent viscosity) on mixing time,
[1]. Fig. 1.10Db) is the structure of the cellular metallic material — foam structure (Southeast
University China), as reported in [1]. Fig. 1.10c) is a section of aluminium foam produced by
ALPORAS method (1.5 wt% Ca; 1.6 wt% TiH»> foaming agent), [18].

Foams produced in this way — trade name ALPORAS - appear to be the most
homogeneous aluminium foams currently available. An empirical relationship exists
not only between average cell diameter and melt viscosity but also between final foam
density and viscosity [9]. Typical densities after cutting off the sides of blocks of cast
foam are between 180 g-cm= and 240 kg-m-3, with average pore sizes ranging from
2 mm to 10 mm. The blocks produced by the ALPORAS method have dimensions of
2050 x 650 x 450 mm3, and their weight is about 160 kg. After removing the aluminium
foam block from the mould, the blocks are divided into flat slabs of different thicknesses
according to their intended use.
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Fig. 1.10a) Dependence of dynamic viscosity (apparent viscosity) on mixing time [1]

Fig. 1.10b) Structure of cellular metal system-foam structure (Southeast University China) [1]

Fig. 1.10c) Cutting of aluminium foam produced by the ALPORAS method
(1.5 % wt. Ca; 1.6 % wt. TiH, foaming agent) [18]

1.1.4 Melt foaming by adding a foaming agent to melts, FORMGRIP,
FOAMCARP, FOAMCAST methods

These methods (FORMGRIP, FORMCARP and FOAMCAST) are based on a melt
of the respective metal; the source of the foaming gas is a foaming agent
(superconductor) which is added to the melt. The melt gassing process is so-called
delayed. First, a precursor is prepared which contains the foaming agent. The compact
melt preparation process has recently been modified by incorporating titanium hydride
particles into the aluminium melt instead of using powders to prepare the foam
precursor material (the latter is typical for foam production by powder technology). To
prevent premature hydrogen evolution from the foaming agent, the melt must either be
rapidly cooled below its melting point after mixing or passivated to prevent the release
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of gas before solidification. Conventional foundry alloys such as AlISi7Mg0.3, without
ceramic additives, are used for the production of foamed castings. The cast part is
compact and can be foamed by remelting in a manner analogous to the powder-based
method. However, achieving a homogeneous distribution of TiH2 powders after casting
is challenging. This method also requires that the foaming agent powder
(superconductor, e.g. TiH2) undergo a heat treatment process (treatment) before its
use, which creates an oxide barrier on the surface of each particle of the foaming agent
and delays its decomposition. Powders treated in this way are added to the melt and
must be stirred regularly to disperse them. This simultaneously results in a slow cooling
of the melt [15]. In addition to the foaming agent, substances which stabilise the foam
produced must also be added to the melt. For this purpose, e.g. silicon carbide is used.
The foaming process can be influenced by changes in heating rates and final foaming
temperatures, allowing a variety of different porous structures to be formed (see Fig.
6, Chapter Introduction). This process has been termed "FORMGRIP", which is an
abbreviation for foaming metals by releasing gas in the precursors. Fig. 1.9a) and 1.9b)
show a schematic of the production of aluminium foam by the FORMGRIP method, the
foaming agent being TiHo.

The method known as FOAMCARP is analogous to the "FORMGRIP" method of
aluminium foam production. Both methods are based on the processing of a melt, most
often an aluminium alloy, and combine some of the advantages of using melt and
powder to produce metal foams. A very important production step is the preparation of
the precursor material. In the FOAMGRIP method, the production of the precursor is
based on the presence of a foaming agent, which is TiH2. In the FOAMCARP method,
the production of the precursor is based on the presence of a foaming agent, which is
CaCOs, [18].

The process of aluminium foam production by FORMGRIP method can be described
as follows:

1) Titanium hydride powder (TiH,) is subjected to heat treatment in air to form a thin layer of
rutile (TiO2) on the surface of the powder. This is achieved by heating the TiH, powder to
400 °C and holding it at this temperature for 24 hours, followed immediately by heating to
500 °C for 1 houir).

2) SiC is used to increase the viscosity of the melt and acts as a surfactant to form
bubbles.

3) Silicon carbide (SiC) is mixed into the molten aluminium alloy (usually AlSi12 alloy).
4) Heat-treated TiHz is then added to the melt.

5) The melt with both reagents is stirred, usually for 60 to 120 seconds, so that
to disperse the particles of both reagents (TiH2 and SiC).

6) Immediately after mixing, the melt is poured into a mould of a simple shape (e.g.
cylinder & 35 mm x 50 mm). The solidification and cooling of the melt in the mould
produce a so-called solid foamable precursor, which is assumed to contain regularly
dispersed SiC and TiH2 patrticles.
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7) A portion of this precursor is placed in a mould and heated above the melting
temperature of the alloy used.

8) By heating the precursor in the mould above the melting point of the aluminium alloy,
TiH2 decomposes, releasing hydrogen, which fills the melt to form a foam that gradually
fills the mould shape. The mould with the melt is allowed to cool. The resulting solid
should be a rigid aluminum foam.

heating the TiH, powder to 400 °C and holding it at this temperature for 24 hours, followed
immediately by heating to 500 °C for 1 hour

Fig. 1.11a) Schematic of the production of FORMGRIP aluminium foam, according to
CURRANA [18]

Fig. 1.11c) shows the structure and range of foams produced by the
FORMGRIP method, as influenced by temperature and foaming time [18].

The basis of the FORMGRIP method is the production of a foam precursor (also
referred to as a semi-finished product). The foamable aluminium-based precursor
material can be prepared either by using a melt prepared from a bun or a melt prepared
by melting powder of the respective metal or metal alloy powder. The powder used
abroad is called Duralcan (it is a mixture of aluminium powder, e.g. AlSi12, and 10 or
20 vol.% SiC powder). If preparing a melt from a bundle of alloy, then SiC must be
added to the melt separately.

In preparing to use the precursor from the melt, the titanium hydride particles are
mixed with the metal melt, and then the melt solidifies. The obtained precursor must
be broken into small pieces and then can be foamed in a foaming mould. To avoid
premature hydrogen evolution during stirring, the solidification must either be rapid or
the superconductor must be passivated to prevent the release of too much gas at this
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stage. One of the methods is also the use of a die-casting machine where the powder
hydride is injected into the mould at the same time as the melt [24], this method is
called "FOAMCAST". Alloys such as AISi7 can be commonly cast without ceramic
additives. However, achieving a homogeneous distribution of TiH2 powders in the
metal matrix is challenging.

Aluminium melt ‘ ‘ Silicon carbide (SiC) ‘
Mixing of the SiC ‘ Titanium hydride (TiHz)
with aluminium melt ‘L
l Thermal pre-treatment

Mixing of /
aluminium melt with

8iC and with TiHz

!

Foaming system
(foaming precursor)

l

Heating of the
precursor to
produce foam in
shape mould

l

Aluminium foam

Fig. 1.11b) Schematic diagram of aluminium foam production according to FORMGRIP
method [18]

Fig. 1.11c) Structure and range of foams produced by FORMGRIP method, as influenced by
temperature and foaming time [18]

Alternatively, TiH2 powders can be added to the melt by relatively slow stirring and
subsequent cooling, provided they are subjected to a heat treatment cycle that forms
a zoxide barrier on each hydride particle to delay their TiH2 decomposition until the
foaming step [25]. To obtain a stable foam, 10 to 15 vol.% of SiC particles are added
to the melt. The name of the FORMGRIP process is derived from the English name:
"Foaming of Reinforced Metals by Gas Release in Precursors”. GERNELY et al. [26]
and CURRAN [18] investigated the foaming of aluminium alloys using the foaming
agent CaCOs. This analogous process for the production of metal foams (to the
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FORMGRIP process) is called "FOAMCARP" [26]. During foaming, thermal
decomposition of CaCO 3— CaO + COz occurs. The resulting CO2 gas is also reduced
by the presence of aluminium to CO, which causes surface oxidation of the foam cells
[27] and forms an oxide layer on the foam cells.
Currently, a new technique for processing aluminium melt to produce aluminium foam,
the FORMGRIP method, has been tested.
This method combines some of the advantages of melt-based metal foam production
while applying the advantages of powder metallurgy [25]. This new technique involves
the preparation of a precursor material by dispersing frother particles that thermally
decompose after heating the precursor to form a gas (the frother particles are pre-
thermally treated to delay the release of the gas) in liquid aluminium with the presence
of SiC particles to stabilise the foam. Further, subsequent solidification of the foamed
melt produces aluminium foam. Technologically, this is done by placing the precursor
in a foaming mould. The mould is heated above the melting temperature of the metal.
In the case of aluminium alloys, this is about 580 to 650 °C; for pure aluminium, it is
above 660 °C. The foaming process takes place in a shaped foaming mould. For
experimental purposes, a simple foaming mould is sufficient (see Figure 1.12b).

Fig. 1.12a) shows a schematic diagram of the production of aluminium foam
according to the FORMGRIP method [25].

Mixture of powders TiH; (TiO;) + Al-12Si alloy

_l‘r}—t;ﬁ

Lr—J

Dispersion
o Casting Heating Coolmg Product

of TiH2(TiO;)

Composite Composite Expansionof Solidification 3D solid metal
melt blank the composite foam
blank

a) b)

Fig. 1.12a) Pictorial diagram of the production of metal foams by FORMGRIP
method, using a foaming precursor [25], b) example of a foaming mould

As can be seen from Fig. 1.10a), this technology consists of several technological
steps:

1) The preparation of the composite melt is based on mixing the pre-prepared TiH2
powder with AISi12 aluminium alloy powder. SiC is further added, and this mixture
is heated in a furnace. At the same time, it is required to ensure a homogeneous
distribution of TiH2.

2) Casting the melt thus prepared into a precursor mould and after solidification leads
to the formation of a precursor composite.

3) Heating of the precursor in the frothing mould leads to the frothing of the melt and
filling of the frothing mould space.
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4) Cooling the foamed melt in the foaming mould produces an aluminium foam whose
shape corresponds to the cavity of the foaming mould.

This method provides flexibility in the design of foam structures by controlling the

amount and kinetics of the hydrogen evolution and foaming process that occurs during
the foam production of the respective metal.
In the first stage, the pre-treated TiHz powder to powdered titanium dioxide (~30 um
diameter) is mixed with Al + 12 % Si powder (~150 um particle diameter).
in a weight ratio of 1:4. Pretreatment of TiH2 becomes a two-step heat treatment
"oxidation sequence" to obtain titanium dioxide (rutile) on the surface of TiH2 powder.
This needs to be done by oxidation of TiH2 powder with an oxygen supply at 400 °C
for 24 hours. This is followed by oxidation of the TiH2 powder at an elevated
temperature of 500 °C for 1 hour. The titanium hydride is processed in air to form a
titanium dioxide layer on its surface. The titanium hydride powder is stirred periodically
during the pretreatment to ensure homogeneous oxidation. The powder thus prepared
is then slowly cooled.

The oxidised powder is then mixed with aluminium powder or aluminium alloy

powder that still contains a SiC component (e.g. AlSi12/SiC), which is used abroad
under the trade name Duralcan. This powder has a melting point of 620 °C. This is
followed by melting of the so-called '‘composite mass' at 620 °C using conventional
mechanical stirring (1200 rpm-mint). The melt is stirred after the powder has been
introduced for about one minute. The amount of foaming agent (FA) incorporated is
1,5 % wt. per 1 kg of composite mass, Order No. per 1 kg of metal. In the case of the
Duralcan material, this process produces a composite precursor material having
a relatively low porosity (P): the porosity is P = 23 %, 10 vol. % SiCp (SiCp is a foreign
designation for a particular variety of SiC powder). Or the porosity is P = 14 %, 20 vol.
% SiCp. In the second stage of the process, the foamable precursor material is placed
in a graphite foaming mould (30 mm x 30 mm x 45 mm). The mould is heated to melt
the aluminium alloy and, at the same time, to allow the pre-prepared foaming agent to
also decompose to form hydrogen. Thus, the aluminium-foamed melt is gradually
transformed into a cellular structure. Heating is carried out in a conventional laboratory
furnace. The temperature is recorded using a thermocouple placed in the mould cavity.
It is possible to heat treat the precursor materials according to different methods
(T1 £ T6), see Fig. 1.12b).
The success of the production of this aluminium foam is the perfect and efficient
preparation of the foaming precursor. It should be noted according to [25] that only
a limited amount of hydrogen is released during the dispersion of the foaming agent
(FA) with subsequent solidification of the aluminium.
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Fig. 1.12b) Overview of heat treatment methods T1 to T6 for the foaming process of
aluminium precursor materials by FORMGRIP method [25]

The main factors controlling this are the thickness of the titanium dioxide layer
formed on the surface of the foaming agent. Furthermore, the hydrogen concentration
in the foaming agent, the initial melting temperature and the subsequent cooling rate.

The foaming agent (TiH2) must be heat treated (a so-called hydride thermal pre-
oxidation is carried out at temperatures of 454 to 482 °C for 5 to 20 min). Figure 1.12c)
shows the thermogravimetric curves when TiHz powder is heated in argon to produce
a pre-oxidised surface. This thermal treatment of the powder, as already mentioned,
delays the evolution of hydrogen. Fig. 1.12d) shows the structures obtained.
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400 450 500 550 600 650 700

Temperature ( °C)

1 - without HT TiHy; 2 - TiH2 oxidation for 24 hours, temperature 400 °C; 3 - TiH2 oxidation 24 hours,
temperature 400 °C and 1 hour, temperature 500 °C; 4 - TiH, oxidation 24 hours, temperature 400 °C
and 3 hour, temperature 530 °C

Fig. 1.12c) Thermogravimetric curves for heating the as-received and pre-oxidized TiH:
powder in argon, showing the effect of powder pretreatment on the delay before hydrogen
evolution (heating rate was 20 °C £ 1) [25].
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The final structure of aluminium foam is the result of a set of three complex

mechanisms: bubble nucleation, bubble expansion due to hydrogen evolution
from gaseous hydride particles and the redistribution of gas in the composite or melt.
Figure 1.12d) shows the following partial conclusions. Foams containing higher
amounts of silicon carbide particles, heated under the same conditions as those
containing lower amounts, generally exhibit lower porosity values and smaller cell
sizes, for example, a) with e) and f) with g).
Higher precursor heating temperatures and longer heating times yield foams with
higher porosity levels and larger average cell sizes, e.g., (c) with (d) and (f) with (h).
Three main factors affect foam porosity and cell size, as can be seen in Fig. 1.12d)
figures: (a) to (h).

Important parameters for the production of aluminium foams are:

1) the amount and kinetics of hydrogen evolution,

2) melt viscosity,

3) critical thickness of the cell wall for its rupture (cell coalescence).

10 vol % SiC - T1 10 vol % SiC - T2 10 vol % SiC - T4 10 vol % SiC - T3
P=69%-d=1.1mm P=74%-d=*14mm P=79%-d*1.9mm P=89%-d=2.4mm

20 vol % SiC - T 20 vol % SiC - TS 10 vol % SiC - TS 20 vol % SiC - T6
P=58%-d*08mm P=78%-d=1.6 mm P=88%-d=3.1mm P=89%-d=2.4mm

Fig. 1.12d) Structure of Al - 9Si/SiCp composite foams with SiC particles
(10 % or 20 % by volume) and the effect of heat treatment
T1to T6, porosity (P) and pore diameter (d) of the foam [25]

To work successfully with a foaming agent, it is necessary to know its behaviour
under different conditions. The temperature-pressure-concentration (T - p - C)
dependence must always be evaluated for the foaming agent TiH2. For example, from
the investigation of the isotherm of the Ti - H system, it is clear that increasing the
temperature from 600 °C to 700 °C increases the equilibrium pressure of hydrogen in
the system by one order of magnitude [25].

Similarly, changing the hydrogen/titanium ratio (H/Ti) from 1.9 to 1.7 reduces the
equilibrium pressure in the system at a constant temperature of about 606 °C by one
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order of magnitude. These thermodynamic relationships show why the 20 °C difference
in heating significantly increases the porosity of aluminium foam (see Fig. 1.12d),
Figures c and d.

Another area of successful production of aluminium foams is the need to increase
the viscosity of the melt to stabilise the liquid metal foams, this is usually done by
incorporation or formation of suitable particles in the melt. These particles are SiC
ceramic powder (5 to 20 um in size). These patrticles increase the viscosity of the melt
but also increase the viscosity of the surface of the aluminium foam cell. Or the melt
viscosity when the particles are at the melt-gas interface.

A limited range of foams with high porosity but small gas cell size can be obtained
by this method. This is related to the fact that the critical cell wall thickness is relatively
large for composite foam systems. This prevents the cell walls from becoming thin
without cell coalescence, which is a requirement for obtaining fine cells. For the
microstructure of the foam section, see Fig. 1.12e).

Fig. 1.12e) Sections of a microscopic structure illustrating the distribution of SiC stabilisation
moieties in aluminium foam based on AISi9 alloy, cell structure (left),
cell boundaries (right), [25]

Figure 1.12e) shows that the critical cell wall thickness for rupture is affected by the
presence and size of ceramic particles in the cell walls. In metal matrix composites,
finer ceramic particles serve primarily to increase the viscosity of the melt of the
aluminium alloy. Fig. 1.13 shows a schematic of the FOAMCARP (Foaming of
Aluminium MMC by Chalk-Aluminium Reaction in Precursor) method, i.e. foaming of
aluminium MMC CaCOs — reaction of aluminium in MMC (Metal Matrix Composites)
precursor. In this case, the precursor is based on the use of CaCOs, which
decomposes with temperature to form CO2. CO2 acts as a foaming agent in the

production of the foam.
Note: A compound that participates in chemical reactions.
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Fig. 1.13 Schematic diagram of aluminium foam production according to FOAMCARP
method, [18]

1.1.5 Melt foaming based on eutectic solidification with dissolved gas, GASAR
method

The GASAR (Gascar) method essentially began to develop in the 1980s, with
contributions from both American and Soviet researchers. In 1996, a facility was
assembled in Ukraine to implement the production of 50 kg of metal. At this time, the
Japanese also started to deal with this meth, and since 2000 China, Korea and Brazil.
The method is based on changing the solubility of hydrogen in the metal melt
depending on the pressure. At the same time, the fact that some type of metal melts
with hydrogen forms a eutectic system is exploited. By melting one of these metals in
an atmosphere of hydrogen at high pressure (up to 50 atm, i.e. up to 5 MPa),

a homogeneous hydrogen-filled melt is obtained. The process parameters must be
chosen so that the hydrogen bubbles do not flow into the remaining liquid but remain
near the solidification zone and are part of the solidified metal.

The resulting pore morphology is largely determined by the hydrogen content, its
pressure in the melt, the direction and rate of heat dissipation and the chemical
composition of the melt. In general, elongated pores are predominantly found in the
material and are oriented in the longitudinal direction of the strained metal. In this foam
production, the metal is melted in an autoclave and is brought under high pressure.
This high pressure promotes the formation of a large number of hydrogen bubbles.
The resulting melt, saturated with a large amount of hydrogen, is poured into a mould
inside the autoclave. This is followed by the solidification of the melt-in
a thermodynamically favourable direction (see Fig. 1.14) under reduced pressure. As
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the solidification front penetrates the melt (at rates ranging from 0.05 to 5 mm-s), the
hydrogen content near the solidification plane increases, and bubbles form at the
solidification front. The maximum porosity of the resulting "foam" system is low (about
5 to 75 %). The Gasar method is based on the melting of the respective metal (e.g.
aluminium, nickel, copper, magnesium, chromium, molybdenum, cobalt, but also steel
and ceramics) [11]. The melt stabilization process is based on the inherent viscosity
of the melt. The gas that dissolves in the melt is hydrogen. The gassing process is
instantaneous. This method became most widely used about ten years ago [11]. It is
based on the equilibrium diagram of the metal and hydrogen concerned (see Fig. 1.13).
And it takes advantage of the fact that some liquid metals form a eutectic system with
hydrogen gas. This requires an autoclave in which a melt of the metal in question can
be prepared, filled with hydrogen, and finally allowed to solidify directionally. If the
vessel for producing the metal is cylindrical, both radial and axial pores can be
produced in the material, depending on how the melt is cooled.

When one of the above metals is melted in a hydrogen atmosphere under high
pressure, the result is a homogeneous melt filled with hydrogen. If the temperature is
lowered, the melt eventually undergoes a eutectic transition to form a heterogeneous
two-phase system (solid metal + gas). If the composition of the system is close enough
to the eutectic concentration, a segregation reaction will occur at one temperature. At
the moment the melt solidifies, it contains gas pores. The resulting pore morphology is
largely dependent on the hydrogen content, the pressure above the melt, the direction
and rate of heat dissipation, and the chemical composition of the melt. Fig. 1.15 shows
a block diagram of the Gasar method.

Fig. 1.16 shows a diagram of the relevant equipment. Initially, the metal is melted
in an autoclave beyond the boiling point, and later this high-temperature melt is brought
into contact with high pressure to deal with the huge amount of hydrogen in the melt.
After the solution, the saturated melt is transferred to a mould which is present inside
the autoclave and solidification of the saturated melt is done under low pressure.
Through this process, the hydrogen with which the melt has been saturated is
"precipitated” as the melt solidifies at low pressures. The porosity of foams produced
in this way is 5 % to 75 %. Generally, very elongated pores are formed, oriented in the
direction of solidification (see Fig. 1.17). The diameter of the pores varies from 10 um
to 10 mm, the length of the pores varies from 100 um to 300 mm, and the porosity
varies from 5 % to 75 %. The pore size distribution tends to be uneven due to the
simultaneous growth of small and large pores and their coalescence. The pores may
be conical or even wavy. The word 'gasar' was designed to refer to porous materials
formed by the eutectic solidification of a solid gas. Gasar is a Russian abbreviation that
means "reinforced gas".
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Fig. 1.15 Block diagram of the Gasar method [13]
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Fig. 1.16 Schematic diagram of the equipment for the production of foamed ingots by the
Gasar method using directional crystallization (left), Bridgman method according

to Gasar [15].
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Fig. 1.17 Cellular metal system produced by the Gasar method,
contains mostly elongated pores (cells), according to V. Shapovalov, as shown in [1]

Table 1-4 shows the technological parameters of the GASAR method for processing
copper alloy ingots.

Table 1-4 Technological parameters of the GASAR method for copper alloy processing

[1]

Technological parameters of Cu alloy processing
Sample Weight D P(H2) P(Ar) T [K] Speed Porosity

[kg] [mm] [MPa] [MPa] [mm-s?] [%]
a 19.98 150 0.36 0.12 1407 0 38.3
b 19.94 0.3 39.8
c 20.20 0.5 39.7
d 19.82 0.8 39.5
e 19.98 1.0 37.6
f 5.65 100 1.0 38.4

Fig. 1.18 shows the sections of the manufactured ingots according to the parameters
given in Table 1-4.
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Fig. 1.18 Pore morphology on longitudinal sections of samples (a, b c, d, e, ) [1]

1.2 Methods of manufacturing cellular systems from metal powders [1], [2]

The production of cellular systems by powder metallurgy (PM) is nowadays an
attractive way to produce metal foams from aluminium-based components. For this
reason, a large number of shape applications can be produced. It is a method where
the foaming of pure metals and their alloys is carried out without the need for stabilising

44



ceramic particles. These particles interfere with any mechanical cutting of the foamed
materials produced in this way. The powder metallurgy method was patented by Allen
et al. in 1963, [65]. It was further developed at the Fraunhofer Institute for Applied
Materials Research (IFAM) in Bremen, Germany [3].

This technology is used to prepare metallic cellular materials, most often based on

aluminium powders. The technology uses both metal powder and a foaming agent
powder. Alternatively, inert gases containing a so-called precursor may be used in
place of the foaming agent powder.
The powder metallurgy (PM) method can be used to produce foams of various metals
and their alloys [4],[5],[6],[7] such as aluminium, zinc, tin, steel, etc. The production of
aluminium-based metal foams is important for industrial applications due to their
properties (bulk density, energy absorption capacity, vibration-damping corrosion
resistance, etc.). Pure aluminium and its alloys are used for the production of
aluminium foams. The good quality of aluminium foams depends on the choice of the
right foaming agent (blowing agent) to ensure uniform physical properties. The
production parameters at different stages often require appropriate adjustments. The
first step is the preparation of a compact, dense and solid semi-finished product, which
is called a foamable precursor. This is achieved by using a conventional technique that
allows the production of a compact material (from a mixture of metal powder and
a foaming agent (most commonly TiHz in an amount of 0.6 to 1 wt% and powder of the
respective metal is used). The second step is the production of the metal foam by
heating this foamable precursor at a temperature higher than its melting point. The PM
method can be applied by two techniques [8].

The production of foams from metal powder can be divided into two groups:
1) The foaming is carried out with the gas released from the foaming agent (IFAM
process);
2) Process containing trapped gas (e.g. McDonell Douglas).

In this method of PM foam production, high-purity (99.6 %) TiH2> powder can be
used
and a grain size of approximately 33 ym. Preferably, the TiH2 powder is heat treated
(24 hours at 400 °C and 1 hour at 500 °C) before the foaming process. Heat treatment
and oxide layer formation dela — the evolution of gas or hydrogen during thermal
decomposition of TiH2. Furthermore, hydrogen must start to be released from TiH2 at
a temperature higher than the melting temperature of pure aluminium (660 °C) or at a
temperature higher than the eutectic temperature of 577 °C when using Al-Si-based
alloys [15].
The production of metal foams by powder metallurgy involves many methods, which
are variously called, have been patented and have different designations.
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1.2.1 Production of aluminium cellular systems by powder metallurgy,
Fraunhofer Process — IFAM

The FRANHOFER process (IFAM process) for the production of metal foams by
powder metallurgy (PM) was developed at the Fraunhofer Institute in Bremen,
Germany and also patented [29], [30], [31]. It is characterized by the fact that after
mixing the powders, this mixture of powders is compacted by unilateral compression,
powder rolling or extrusion, depending on the desired shape. A similar powder
metallurgy process is the MEPURA process (Alulight by Mepura, Ranshofen, Austria),
which uses continuous extrusion technology to compact the powder mixture.
A schematic of the production of foamed systems by the FRANKHOFER process is
shown in Fig. 1.19.

Pressing a mixture of powders into
a compact, subsequently
foamable material
(precursor preparation)

!

Optimal processing of precursor material
using standard deformation technology
(precursor processing by compression)

v

The foaming process of the precursor
material by heating it above the melting
point of the metal in the mould

:

Solid foamed system
(according to the shape of
the foaming mould)

Mixing metal powder
with the foaming agent | —¥
powders

Fig. 1.19 Schematic of the production of metal foam by powder metallurgy,
IFAM process [29]

For the production of "aluminium foam" by the PM (powder metallurgy) method.
A powder of the relevant aluminium alloy is commercially available. This powder is
mixed with the foaming agent powder (so that the aluminium powder is evenly
represented in the mixture), and then this mixture of powders is compressed by
a certain pressure. As a result, a semi-finished product (precursor) is obtained in which
the foaming agent is homogeneously distributed in a dense, practically non-porous
metal matrix. This foamable material can be further hot-worked into sheets, bars,
profiles, etc., by conventional techniques such as rolling and extrusion. Finally, the
foamed metal parts are obtained by simply heating the material above the melting
points of the respective metal. The foamed materials with different pore densities are
dependent on the content of the foaming agent and the foaming process parameters
used. The porosity of these materials ranges from 50 % to 92 %, but for aluminium,
a range of 80 % to 85 % is preferred. If metal hydrides are used as the foaming agents,
in most cases, their content is sufficient at less than 1 wt.%. The method can be used
for aluminium and its alloys, but also for other metals. Such as tin, zinc, brass, bronze
and lead. Suitable frothing agents and process parameters must be used.
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Other physical and mechanical properties have been characterized, [40]. This
method has now been extended to metals with higher melting temperatures, such as
iron and steel [41].

Fig. 1.20 shows a schematic of the IFAM metal fabrication method as presented by a
German company, [1]. Fig. 1.21 shows aluminium foam pipes and profiles (IFAM,
Germany), [45].

The structure of the metal foam produced by the Fraunhofer method (IFAM) is shown
in Fig. 1.22.
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Fig. 1.20 Schematic diagram of aluminium foam production using IFAM technology,
Germany KAMMER [45]

Fig. 1.22 Structure of foam made from metal powder by IFAM,
(approximate scale 4:1) [40]
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1.2.2 Production of aluminium cellular systems by powder metallurgy
and gas-release foaming agent, ALULIGHT process (MEPURA patent)

As mentioned above, in the IFAM process (Fraunhofer-Institut Bremen, Germany),
the material is compacted by unilateral compression, powder rolling or extrusion,
depending on the desired shape. The MEPURA process (Alulight by Mepura,
Ranshofen, Austria) [45] uses continuous extrusion technology to compact the mixture.
The mixture is compacted into a compacted semi-finished product. The next step is
heat treatment up to the melting temperature of the matrix metal and above the
decomposition temperature of the foaming agent. At this temperature, the foaming
agent decomposes and releases hydrogen gas. This gas leads to the production of a
highly porous metal structure with closed cells. Cooling the melt below the melting point
of the metal stops the foaming process. The ALULIGHT method (MEPURA), the
MEPURA patent, or the MEPURA method (Alulight by Mepura, Ranshofen, Austria) is
analogous to the IFAM method (FRAUNHOFER). Fig. 1.21 shows the IFAM aluminium
foam products. A block diagram of the MEPURA technology is shown in Fig. 1.23. Fig.
1.24 shows an illustrative block diagram of the production of metal "foams" from
powders by the MEPURA technology [45].

MEPURA technology starts by mixing metal powders (pure metal, alloy or powder
mixture) with a foaming agent for aluminium and its alloys, usually 0.4 to 0.6 wt% TiH2.
The most common alloys for foaming are ductile alloys (1xxx series, pure aluminium;
2xxx series, Al-Cu alloys; and 6xxx series, Al-Mg-Si alloys). In addition, casting alloys
(most commonly Al-Si alloys, i.e. silumines, e.g. AlSi7 and AISil2, have excellent
frothability due to their low melting temperature and good foaming properties.

MEPURA
patent Heating and foaming
Mixing metal powder Continuous Insertion of
with the foaming - »| precursor —»| precursors into the
agent powders preparation mould

v

Obtained foamed
solid according to the
shape of the foaming

mould

Fig. 1.23 Block diagram of the MEPURA method (Ranshofen, Austria) [45]

It has been shown, as reported by JERZ [56], that the pores produced using
aluminium alloy intended for forming have a predominantly circular profile, with larger
dimensions. In contrast, pores produced using foundry alloys are smaller and have an
irregular shape. The walls between the pores are very thin, and their structure is
uneven.

The patent or MEPURA process uses the technology of compaction of the mixture
(metal powder and foaming powder). The compacted system (powder mixtures) is heat
treated up to the melting point of the compacted metal and above the decomposition
temperature of the foaming agent. At this temperature, the frothing agent decomposes
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(e.g. if it is TiH2, hydrogen gas is released). This gas helps the material to form into
a highly porous structure with closed cells.

During the formation of the structure, the process slows down when the material
reaches the melting point of the relevant metal and the process stops when it cools to
below the melting point. The resulting metal foam porosity ranges from 65 % to 85 %.
The production of metal foam with MEPURA technology depends on many factors. For
example, the compaction conditions (technology, degree of deformation, temperature,
pressure, time), the quality of the powders (particle type, particle size, alloy, mixing
conditions), and the parameters of the foaming process (temperature, heating rate,
cooling time, atmosphere).
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Fig. 1.24 Schematic diagram of the production of aluminium cellular powder foam systems by
MEPURA technology (Company MEPURA, Austria), [32]

The foam bulk density can be controlled by the foaming agent content, temperature
and heating rate [50].

As mentioned above, the first step of the MEPURA process is to mix the aluminium
powder with the foaming agent powder. The next step is the formation of the precursor,
i.e. the extrusion of the mixture of powders into a compact foamable system. In this
process, however, the precursor is heated in the foaming cavity up to the melting point
of the alloy. This leads to the formation of liquid foams which are injected in a controlled
manner into the mould.

As can be seen from the above, aluminium foams are isotropic porous materials
with several unusual properties that are particularly suitable for their technical
applications (deformation elements of car bodies). Given their low density (approx. 500
to 1000 kg-m-3), the foams can float in water if they contain closed gas cells. The foams
exhibit reduced conductivity for both heat and electricity. The strength is lower than
conventional aluminium and decreases with decreasing density. The foams are stable
at temperatures up to the melting point. They are non-flammable and non-toxic. In most
foam manufacturing technologies, the properties can be varied over a wide range by
controlling the manufacturing parameters. Some examples of properties are shown in
Table 1-5.
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The ALULIGHT method is a modified method of the MEPURA process. The first steps
of this technology are comparable to the MEPURA process, i.e. mixing aluminium
powder with a foaming agent and continuous extrusion into a compact foamable
precursor. In this case, the precursor is heated in the foaming chamber up to the
melting point of the alloy. This leads to the formation of a liquid foam, which is injected
in a controlled manner into the mould, which is usually metallic, or exceptionally may
be sand. This enables efficient small and large-scale production and prototyping. Such
foam systems can form the inner parts of aluminium castings.

Table 1-5 Property values of aluminium foams (IFAM and MEPURA), [45]

Properties of aluminium foams (IFAM and MEPURA)
Technological parameters
and properties Pure Al 99,5 Pure Al 99,5 AlSi12
Foaming agent Untitled TiH: TiH,
Bulk weight [kg-m®] 2700 400 540 840
Compressive strength
[MPa] 76 3 7 15
Absorbed energy at
30 % compression [MJ-m3], - 0,72 2,0 4,0
[kJ-kg™] - 1,8 3,7 4,8
Tensile modulus of elasticity | 67 000 (MPa) 2400 5000 14 000
[MPa] (67 GPa) (2.4 GPa) (5GPa) | (14 GPa)
Electrical conductivity
[m mm™*0Q72) 34 2,1 unmeasured
Thermal conductivity
[W-mt.KY 235 12 13 24

Fig. 1.25a) shows a block diagram of a more detailed production of aluminium foam by
powder metallurgy, using the ALULIGHT method. It is a method that leads to the
production of foamed aluminium with a continuous surface layer. This method is the
most promising in terms of producing structural components with a continuous surface
layer. Fig. 1.25a) simultaneously presents the technological process of LKR (Leicht-
metallkompetenzzentrum Ranshofen, Austria) [55].

As already mentioned, and also evident from Fig. 1.25a), the production of
aluminium foams by powder metallurgy consists of the fact that aluminium powder or
aluminium alloy powder is first mixed with a foaming agent powder (TiH2 or ZrH2) in
this method of aluminium foam production. Fig. 1.25b) shows the ratio of aluminium
powder to the amount of foaming agent about the amount of semi-finished product
obtained, which is subsequently foamed in a foaming mould.

From the mixture of powders thus formed, a foamable semi-finished product in the
form of rods, wires or various other suitably sized profiles is produced by cold pressing
and subsequent hot extrusion pressing (in the solid state) at a pressure of at least 200
MPa. The hot pressing process allows the formation of a protective layer on the surface
of the foamable blank so that the function of the foaming agent is only apparent when
the blank is melted.

Furthermore, this blank has the particles of the foaming agent evenly distributed
and gas tightly sealed throughout the volume (due to hot pressing at high pressures).
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When this frothing blank is placed in a frothing mould and heated in an electric furnace
above the melting temperature of the relevant aluminium alloy (aluminium powder
alloy), the frothing agent is melted.

Fig. 1.25c) shows an example of an electric resistance furnace for processing
aluminium foams [55].

After melting the semi-finished product, the foaming agent (e.g. TiH2) starts to
release hydrogen due to its thermal decomposition, which forms bubbles in the
aluminium melt, thus creating a foamed aluminium melt that fills the cavity of the
respective mould. After filling the foaming mould with 'metal foam’, the aluminium melt
starts to flow out through the leaks in the mould. This is a signal that the melt foaming
process has already taken place and the mould is filled with liquid metal foam. The
subsequent rapid cooling of the mould results in a foamed solid mass of aluminium,
according to the shape of the mould cavity, whose shape follows the cavity of the
foaming mould. Various shapes of frothing mould are used for this purpose, see Fig. 1.25d).

Aluminium powder Foaming agent
or aluminium alloy powder powder (e.g. TiH;)
Mixing the two

powder

Cold sintering of Subsequent hot pressing

owders (squeezin N {400 to 480 °C) to form
P q g thin semi-finished
or extrusion)

products

Semi-finished
products for plating
(thin precursors)

v

Insertion of semi-

finished products

into the foaming
mould

v

Heating of the
foaming mould
(about 900 °C)

F 3

Cooling of the N Solid foamed
foaming mould aluminium material

Fig. 1.25a) Block diagram of aluminium foam production by ALULIGHT method,
CURRAN [18]
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Fig. 1.25b) Ratio between aluminium powder and the amount of foaming agent in the
preparation of the foaming blank, [55]

Fig. 1.25c) Resistance electric furnace for realization of the foaming process of aluminium
semi-finished products produced by powder metallurgy (LKR company), [55]

Fig. 1.25d) Foaming mould for the production of aluminium foams by powder metallurgy
(left), JERZ [56], different designs of the foaming mould (middle), foaming blank,
mould and cut made with aluminium foam (right), LEHMHUS [57]

The problem of aluminium foam production by powder metallurgy was also
addressed by LEHMHUS [57]. He used the aluminium alloy powder AIMg1SiCu, which
he purchased from MEPURA (Ranshofen, Austria). The aluminium alloy powder was
mixed with 0.5 wt. % of titanium hydride powder (Chemetall, Hanau), which acted as
a foaming agent. Next, foaming blanks (precursors) in the form of rods with rectangular
cross-sections were formed by standard methods (cold and hot pressing). The blanks
were inserted into a cylindrical steel foaming mould. The mould was placed in an
upright position in a furnace with an atmosphere circulating at 730 °C. Thus, the
heating of the semi-finished product and the decomposition of the frother occurred

52



gradually until the frothy melt filled the mould cavity. After the mould was cooled to
room temperature, samples of cylindrical aluminium foam & 45 x 60 mm were
removed. The volumetric weight of the produced aluminium foam was 600+ 30
[kg-m~].

The simple shape moulds used are shown in Fig. 1.25d). The produced foaming
blanks (precursors) were placed in a cylindrical metal foaming mould, see Fig. 1.25 d),
right. Fig. 1.25e) shows parts made of aluminium foam with a surface crust, which were
produced by powder metallurgy, a method of LKR (Leichtmetall Kompetenzzentrum
Ranshofen, Austria).

Fig. 1.25e) Aluminium foams with surface crusting, based on powder technology (AlSil2 and
TiH2 powder), size 150 x 50 x 10 mm, [55]

The production of aluminium foam by powder metallurgy using the ALULIGHT
method is applied by the Institute of Materials and Mechanics of Machines of the
Slovak Academy of Sciences for the production of aluminium panels. Fig. 1.26a) shows
a block diagram of panel production using the ALULIGHT method.

Foamed aluminium and sandwich panels are produced by powder metallurgy (PM)
technology, representing a new class of structural materials with huge application
potential for the manufacture of lightweight structures. They are an alternative
replacement for wood, plastics or various expensive sandwiches. Some of these
properties are superior to those of polymer foam panels. They are more durable and
more stable when exposed to elevated temperatures. They exhibit excellent fire
resistance and do not produce toxic fumes in fire. They can potentially be used in the
transport industry for lightweight rigid body structures for buses, trains, ships, cars, etc.
The fracture resistance, damage resistance and energy absorption of the panels can
even be improved by reinforcing their surface with steel wires without increasing their
production costs.

The basis of production is the appropriate powders (metal and frother), the particle
size of the powders and the ratio of metal powder to the amount of frother powder. The
metal powder is most often aluminium or aluminium alloy powder. The frothing agent
used is usually TiH2 or ZrHz, etc. The aluminium foam produced by the PM method,
which was recently developed at the Institute of Materials and Mechanics of Machines
of the Slovak Academy of Sciences for the Austrian company MEPURA GmbH, has
the trade name ALULIGHT.
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The preparation of the metal foam for the production of Alulight panels is as follows
(see Fig. 1.26 a), involving dry mixing of metal powders (aluminium or its alloys) using
powder frothers (typically TiH2 and ZrHz), cold compaction and then extrusion at
a temperature of approximately 400 to 480 °C.

Thus, the foaming agent becomes uniformly distributed in the metal matrix. The
extrusion process is useful in breaking up oxide films on the surface of metal powders.
This product is considered a precursor material that is easily convertible to foam. This
conversion is accomplished simply by heating the precursor to a temperature at which
the metal alloy is converted to a melt. This heating breaks down the foaming agent and
develops a gas, which is the basis for the foam formation. For the foam formed to retain
its state, it must be stabilized by very fine oxide particles evenly dispersed in the
precursor after it has been made. This is after it has been extruded.

After melting and foaming, the foam panel is quickly cooled to prevent the foam
structure from collapsing. This technique requires special thin-walled moulds to
withstand temperature changes. Larger parts, such as moulded panels, are therefore
foamed specifically based on a specific set-up design that allows simultaneous
moulding, heating and cooling. As mentioned above, foam panels can be reinforced
with metal wires or mesh-like concrete. In this cassette, the reinforcing components
(steel) are inserted into the mould together with the foamable PM precursor before
foaming.

Panel properties — depend on the aluminium alloy used. The panels can be
manufactured from different alloys of formed or cast pure aluminium, from 6000 series
aluminium alloys or from AlSi12 aluminium alloys.

The mechanical properties of the panels can be optimised by suitable heat treatment
of the alloy after foaming. Foam sandwiches can also be manufactured with plain or
shaped aluminium cover sheets (Fig. 1.26b) on either one or both sides. This is the
case if higher flexural strength or a specific surface quality of these products is
required.

Another option is to reinforce the panel with metal wires or nets like concrete, see

Fig. 1.26b). The adhesion is always diffusion bonded to the foam structure. One
technological approach is that the reinforced panels or sandwiches are prepared
during foaming in one technological operation, which significantly reduces production
costs.
The extremely high stiffness-to-weight ratio of the panels and the high value of the
abrasion properties are a guarantee for their technical applications. Resistance to
fracture and damage can be substantially improved without excessive weight increase
by the use of surface meshes and or wire reinforcements. In addition, the reinforcement
panels can be easily connected, opening up huge potential for automotive applications,
especially for lightweight body structures of future electric vehicles.
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Fig. 1.26a) Block diagram of the production of ALULIGHT panels, SIMANCIK [46]

Fig. 1.26b) Aluminium foamed panels and sandwich panels (left); aluminium foamed panel

whose surface is reinforced with stainless steel mesh (right),
stainless steel net (below) SIMANCIK [46]

55




1.2.3 Production of sandwich aluminium cellular systems

Aluminium Cellular Systems sandwiches, also referred to as Aluminium Sandwich
Foam (AFS) sandwiches are products containing a highly porous aluminium alloy foam
core and two aluminium alloy faceplates. The layers are firmly bonded together with a
metallic connection. The use of such sandwich panels has been proposed for many
industries, including automotive [47, 48], shipbuilding [49], rail and aerospace [50, 54].
Sandwich panels have various advantages when compared to dense material or bare
foam. They are stiffer than dense sheets of the same weight [51]. Compared to bare
foam without face sheets, the main advantage is that the outer shell allows the
sandwich to bear the tensile load that occurs, e.g. when the panel is bent. Bare metal
foam alone causes the exterior to perform poorly in tension and panel fractures.
Aluminium foams reinforced with metal wires or mesh [52,53] improve this situation
similar to AFS. They lead to better tensile properties but are less effective in
accommodating compressive stresses. In sandwich panels, the porous foam core is
hidden inside a dense material that prevents potential surface damage or corrosion
problems. Provided the edges are sealed, the aluminium foam can be completely
inaccessible to liquids and gases. Compared to sandwich panels, where the face
plates are simply glued to a sheet of metal foam, the pure metallic nature of AFS is an
advantage where flammability, heat resistance, weldability, recyclability or long-term
stability is an argument. In the following, we briefly review advances in manufacturing
technology and describe several promising applications of AFS in the transportation
and defense sectors.

The production of AFS is based on the powder metallurgy method, on the expansion
of metal precursors, which takes place due to the decomposition of the embedded
foaming agent [54]. Such precursors allow the filling of complex moulds and thus the
production of shaped parts of all kinds. They can also be used as load-bearing foam
plates, provided that suitable shapes are available. If sandwich panels are required,
metal faceplates can be attached to these plates.

The AFS manufacturing technigue is moldless and requires no glueing step. Here,
a three-layer composite is used, which contains a central foamable layer made from
consolidated mixtures of metal powder and foaming agent powder and two full-face
sheets, see Figure 1.27.

To ensure the flatness of the resulting AFS, it is recommended to carry out a hardening
step after foaming. All manufacturing steps on an industrial scale are shown in Fig.
1.28a) and Fig. 1.28b) for better understanding. Powder-filled ingots, rolling process,
rolled three-layer composite precursor, foam furnace.

Advantages of such an integrated process include the absence of any collisionally
non-metallic joints, intrinsic non-flammability and the ability to create 3D-shaped parts
by reshaping the three-layer composite before foaming or calibrating the AFS after hot
foaming, [54]. Disadvantages are the limited combination of alloys for the core
and faceplates due to the need to coordinate the melting temperatures of the core and
faceplates. Special metal powders are used for this purpose with a large range of
processing operations.
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Fig. 1.27 The principle of aluminium foam sandwich (AFS) production, (production sandwich
material) [54]

Possible ways to overcome this problem have been discussed [54], but no
satisfactory solution has yet been demonstrated. The alloys that have been used for
both core and faceplate fabrication are AISi6Cu4 or AISi6Cu6 aluminium alloys, as
these alloys start melting at about 524 °C, which is a low temperature. Aluminium alloys
with silicon and copper have low corrosion resistance and are therefore unsuitable. Al-
Mg-Si alloys have proven to be suitable [8]. AlSi8Mg4 alloy (1 wt. % Mg and Si) is
also suitable as it has excellent foaming behaviour (good expansion, small and regular
pores) [54].

Precursor (3-42mm) B AFS rolling ingots

AFS rolling ingots, Hot rolling, Precursor (3-17 mm), Foaming at 580 °C

Fig. 1.28a) AF precursor production process, top left: ingots filled with powdered frothing
agent ready for rolling right: hot rolling is used to prepare the precursor, which is fed into the
frothing furnace at 580 °C, [54]

AFS panels showing a favourable pore structure expressed by a predominant pore
size in the range of 1 to 1.5 mm, see Fig. 1.28b), BANHART [54].

Fig. 1.28b Structure of an AFS sandwich panel, thickness approx. 10 mm, with all
parameters maintained in the correct manufacturing process [54]

Fig. 1.29 shows examples of foam products from the Indian research institute AMPRI
in Bhopal.
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Based on long-term research on metal foams, it has been found that three groups

of properties are favourable for metal foams [48]:

1) Elastic Properties of Foam: The Young's modulus (E) and other moduli (e.g., G) of
metallic foams are typically measured using (p*)?, where p* is the apparent bulk
density of the foam [kg-m3];

2) Plastic properties of the foam: collapse at nearly constant stress and associated
collapse strength when observed by cyclic fatigue oc.

3) Metal foams' functional properties include thermal and electrical transport
coefficients, electromagnetic or acoustic damping, etc. Some of these are directly
related to p* but may also depend in a complex way on the cellular morphology of
the material produced.

Fig. 1.29 Aluminium foam tubes and other profiles manufactured at the Advanced Materials
and Process Research Institute (AMPRI) Bhopal, India [54]

1.3 Precursor production and foaming by mixtures of powders

When powder metallurgy is used for the production of cellular metal systems, the
production of a semi-finished product for foaming, the so-called precursor.

1.3.1 Precursors (foam compact blowing agents)

This foam manufacturing process is another of the foam manufacturing processes
that consist of an additional step of preparing a melt precursor that contains uniformly
dispersed particles of foaming agent (superconductors). Later, during the melting of
the precursor, the thermal decomposition of the frother forms gas bubbles at a local
location in the material being processed. Because of these precursors, the production
of foams of desired and complex shapes can be very easy, as is the case with direct
melt foaming — the CYMAT method. By producing a precursor, the efficiency of the
foaming process at a certain stage of metal foam production is positively affected. This
precursor preparation is essentially achieved in two ways:

a) either by adding powders of the foaming agent to the melt, solidifying the melt to
obtain a precursor, which must be further processed in a foaming metal mould at
a certain temperature (always above the melting point of the metal used) and then
cooling the mould to obtain the metal foam.

b) by compacting powder mixtures in the solid state or by forming compacted powder
mixtures in the solid state using the tixo-casting process. The following three types
of manufacturing processes use the above techniques to prepare precursors for
further foaming.
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1.3.2 Foaming due to mixtures of powders

In this manufacturing process [56], the main step for the preparation of the precursor
starts with mixing the metal powders and the supercooled powders to prepare the
unfinished dense product for the compaction process. The basic compaction
processes used for the preparation of these precursors are single-stage compression,
extrusion and powder rolling. Any of these methods can be used for compaction for
better mixing of supercoater powders into metal powders without any air gaps
and porosity. After preparing these precursors with the compaction process, they are
heated to melt the metal powder present in the precursors so that the superfluids
decompose. This decomposition of the frothers results in the development of a gas
that causes the precursor to expand and form pores in the precursor. The precursor
expansion process takes a lot of time as it is an important step in the manufacturing
process it is created by porosity and is also greatly influenced by the temperature and
size of the precursor material.

To achieve a favourable foam shape, the precursor material must be inserted into
a mould. Otherwise, the result wil be a block of metal foam
with an undefined shape. When foaming inside closed moulds, almost any shape can
be produced, e.g. tubes and other profiles can be filled with aluminium foam, as in Fig.
1.30. To achieve the desired foam shape, the precursor material must be inserted into
the hollow mould. Otherwise, it would be a piece of metal foam with an undefined
shape. Almost any shape can be made by foaming inside the closed mould. The foam
and metal parts can be joined together during foaming. For example, tubes can be
filled with aluminium foam in different ways. Another method is to produce sandwich
panels consisting of foamed metal and sheet metal. These may be obtained by bonding
face sheets to a foam sheet or a shell sheet of aluminum or steel sheet to a foam
precursor. The latter method creates a metallic connection between all layers of the
sandwich. The resulting "precursor sandwich" can be deformed in front of the foam,
e.g. by deep drawing. Relatively complex foam sections can be obtained by injecting
liquid-expanding foam into suitable moulds and allowing final expansion (Neumann
AluFoam, Marktl, Austria), see Fig. 1.30.

mould
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heating — ° . ° o o

® /.’ e ° ®
precursor e foam ‘e ® e ®

piston
heating foaming pressing

Fig. 1.30 Schematic diagram of aluminium foam production
(Neumann, AluFoam, Austria), [2]
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Trapped gas processes (McDonell Douglas) are also an option for the production
of metal foams. In these technologies, a hermetically sealed container is filled with
aluminium powder. The gas, e.g. argon, is then fed into the powder. The gas fills any
gaps between the powder particles. When this mixture is heated, the powder particles
melt and trap the gas. If the metal block thus produced is rolled and heated, the trapped
gas expands and delivers the metal foam (McDonell Douglas).

1.4 Production of cellular systems from metal melts using polymer foam

1.4.1 Duocel method

Metal foams can also be produced without direct metal foaming [60], [61]. For this
method of production, polymer foam is used as a starting point see the production
process in Fig. 1.31. The polymer foam is processed into an open pore structure by
manipulating the foaming process or by post-processing, a so-called reticular process
(to form a network arrangement or honeycomb morphology). The resulting foam is then
filled with a heat-resistant material slurry, e.g. a mixture of mullite, phenolic resin and
calcium carbonate [61]. By drying, the polymer is removed, thereby creating a mould
cavity. The molten metal is cast into the mould cavity, which accurately represents the
structure of the original PU foam. The obtained metal foam is formed by open cells.
After removal of the mould material (e.g. by water under high pressure), a metal foam
is obtained which is an exact image of the original polymer foam. Fig. 1.31 shows the
DUOCEL metal foam observed on an SEM microscope, produced by casting on a ,lost
pattern®.
Fig. 132 shows the structure of the metal foam sold by ERG
Various grades are available, ranging from 2.5 to 16 pores per cm (10 to 40 ppi).
Complex-shaped parts can be made by pre-moulding polymer foam. Aluminium alloys
are usually used, but other metals (magnesium, zinc, copper, iron, nickel) can also be
processed. Fig. 1.33 shows DUOCEL foams made by ERG, made from aluminium
and copper. This produces foams with different densities and, where appropriate,
morphologies, which are determined by the production of the polymer foam. The
porosity of the obtained metal foam ranges from 80 % to 97 %. The reported production
prices of these DUOCEL metallic porous systems are high.

A (PU) foam crosslinking
Preparation of polyurethane i
—»| (thermophysical shock method to
(PU) foam
remove residual membranes
v
Removal of (PU) foam Pore volume filling with heat
(i.e. creation of mould cavity) resistant material
Casting liquid metal into Removal of solidified metal from
the prepared mould cavity " the mould (obtaining metal foam)

Fig. 1.31 Preparation of polymer foam for metal foam production using lost casting [61]
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Fig. 1.32 Structure of DUOCEL metal foam obtained by SEM microscopy, [62]
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Fig. 1. 33 DUOCEL foam made of aluminium and copper ERG, [62]

Table 1-6 shows the mechanical values of DUOCEL copper foam (manufacturer ERG),
[62].

Table 1-6 Mechanical values of DUOCEL copper foam (manufacturer ERG), [62]

DUOCEL copper foam (manufacturer ERG)

Compressive strength [MPa] 0.903
Shear strength [MPa] 6.9
Compressive modulus of elasticity [MPa] 736
Tensile modulus of elasticity [MPa] 101
Heat capacity [J- kgt-K?] 3.86
Coefficient of thermal conductivity [W-m™.K1] 10.1
Coefficient of thermal expansion [K]* 17.0-10°
Melting temperature [°C] 1083
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2. METHODS OF PRODUCING POROUS METAL MATERIALS USING
SHP

Porous (porous) materials referred to as 'open pore aluminium foams' are
extensively studied by researchers at the Department of Materials Engineering,
University of Sheffield. Under the designation "Open Cell Aluminium Foams by Space
Holder Particles. The designation Space Holder Particles (SHP) is understood to mean
"space holder technique". The workers here apply a method they call 'vacuum'’
(replication). Furthermore, two new methods have been introduced based on this
principle, i.e. gas and mechanical infiltration. In the research on gas infiltration of melt
between NaCl grains, infiltration pressures were determined to produce porous
materials with pore sizes of 1.0 to 1.1 mm; 1.4 to 1.7 mm and 2.0 to 2.36 mm. Porous
materials with a moderate porosity of 0.6 to 0.7 may be of interest as regenerators due
to their high bulk heat capacity and large specific surface area. The replication process
is an inexpensive and simple method of foam production that provides metallic foam
with moderate porosity. Due to its simplicity, it provides many opportunities to
investigate the effect of porosity, pore size and shape, or a combination of these.

A porous material is a material that has many open spaces in its structure, called
pores or voids. The size of the pores varies from a few nanometres to many millimetres,
depending on the purpose of the porous material. In engineering,
a homogeneous material is often preferred, but in the natural world, there are
the reverse effect occurs, meaning that pores have different sizes in the same
structure, which is defined as a gradation of porosity [35], [36], [37], [38].

The most common terms used in this particular area of porous materials are: true
specific gravity, which is the specific gravity of the material without pores or voids; bulk
density is essentially the specific gravity of the material including open pores and voids;
pore volume; pore size is the distance between the pore walls, their width or diameter;
porosity is the ratio of the total pore volume to the apparent volume of the sample. The
equations for determining these quantities are given in Table 2-1.

Table 2-1 Common equations used in the field of porous materials, LUNA [34]

Relations for determining the properties of porous materials, according to [34]

Names Equations, quantities

Actual specific gravity pm = m Nmwm; [kg-m3]

Volume weight pr = m /VuR; [kg-m3]

Pore volume Vp = VR - Vu; [M]

Porosity (porosity) e =Vp/ Vg [1]

Surface (depends on the shape of the A=4.mr?[m?]

body), e.g. sphere

Specific surface area Asp = A/Vr [m7]

The characteristics of the porous material depend on the pore size. According to
IUPAC (International Union of Pure and Applied Chemistry); Roquerol and Liu mention
three classifications of materials: microporous, mesoporous and macroporous, their
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definitions are given in publications [39], [40]. Microporous material has a pore size
smaller than 2 nm; an example would be the medical professional making tape to cover
a wound to prevent bacterial infection but still allowing air to pass through to create a
sterile environment. The mesoporous material has a pore size between 2 and 50 nm.
It is used in catalysis, separation, and adsorption and as hosts for certain molecules
because of their uniform pore size [41]. Macroporous material has a pore size larger
than 50 nm; it is commonly used for filters, anode material for fuel cells, stationary
phases for various types of chromatography, bioreactors, microfluidic chips, filtering
and heat transfer applications [42], in this work this type of material is used for heat
transfer application.

The production of metallic porous materials involves several different methods,
each of which involves the regular distribution of bodies of minute dimensions, which
are most often soluble in water. In the English literature, these production methods are
referred to as the "Space Holder Technique" (SHT) or Space Holder Particles (SHP).
These tiny bodies can be, for example, NaCl. Their presence increases the porosity of
the metal, which is based on the subsequent leaching of these particles in water. As
a result, the density of the porous metal material thus produced is reduced. In some
foreign publications, this method is referred to as the method using differently sized
NacCl particles (A porous structure is formed by dissolving of salt from the aluminium
matrix). These particles may be other materials that are burned out or melted during
the production of the porous systems, etc. In the production of metallic porous
materials, how the melt is brought between the grains of the water-leachable bodies is
important. This may be by melt infiltration in a vacuum, melt infiltration during
centrifugal casting or gravity casting. A special technology for the production of metallic
porous systems is based on the use of a mixture of metal powder and particles that
creates porosity in the metal material. Metallic porous materials are also in some cases
referred to as metallic "foams" and their production is based on so-called replication,
that is to say, on making an impression of, for example, the aforementioned NaCl
particles. These technologies lead to the production of metallic materials with open
cells (pores). Metallic porous materials are used for functional applications such as
filtration, sound absorption, thermal insulation, heat exchange, energy absorption, and
air and water purification.

2.1 Production of porous metal parts using molten metals and spatial
formation of NaCl

As far as the production of metallic porous materials is concerned, this method is
referred to in the literature as using NaCl space formations. Although the basic
mechanism of melt infiltration between NaCl grains is different. At the same time, the
amount of NaCl is also important. The use of 30 wt. % NaCl to produce a porous
system yields a material with moderate porosity. As with the production of metal or
aluminium foams, the production of porous aluminium material is not simple. Fig. 2.1
shows a relatively simple scheme for the production of porous metallic materials, as
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presented by the manufacturer Alumeco Group [21]. This scheme represents the
infiltration process of molten metal between NacCl particles.

Fig. 2.2 shows a pictorial diagram showing the possibility of higher production of
the metallic porous material as presented in the production of the material known by
the trade name ALUPOR. The pore size and the ratio between the maximum and
minimum pore size are closely related to the obtaining of the corresponding mechanical
properties and, where appropriate, filtration properties.
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Fig. 2.1 Schematic of the production of the aluminium porous system, according to Ameco
Group [21]

Granule soli

1- the crucible is filled with NaCl granules; 2 - sintering the grains of salt in the oven
3 - the aluminium bun is placed on the formed salt granules; 4 — the melting of aluminium in a vacuum
furnace; 5 - after melting the aluminium, an overpressure of argon is set. The aluminium melt
penetrates between the NaCl granules; 6 - the dissolution of NaCl granules from aluminium material;
7 - resulting porous material with open pores

Fig. 2.2 Schematic of the production of porous lightweight materials from aluminium
and NaCl alloys according to CURRAN [18]
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Fig. 2.3 shows a more detailed block diagram of the production of porous materials,
according to which there is already a higher guarantee of obtaining the desired porous
material. Fig. 2.4a) shows an example of the production of porous aluminium. The time
of pouring the salt into the mould and the subsequent impregnation of the salt (NaCl)
with molten aluminium to form the Al-NaCl composite system is part of the production
step of porous aluminium, ALUPOR. Fig. 2.4b) shows the production of porous
aluminium at the time of casting the aluminium melt onto the NaCl bed to form the Al-
NaCl composite system, ALUPOR [20]. Fig. 2.4c) shows the porous aluminium
material products (NaCl particles used in the fabrication process), Composite Material
Ltd, ALUPOR. The manufacturer of these porous materials is Alumeco Group. The
porosity of these porous materials is 55 % to 75 %. The bulk weight of the porous
aluminium produced in this way depends on the degree of porosity, reaching a value
of 1,000 kg-m= to 1,400 kg-m3, which is almost a third or half the specific weight of
fully compact aluminium.

Porous cellular metal materials have gained considerable industrial application in
the last decade and further methods for their production are being sought. Lightweight
metal-based systems, particularly aluminium and its alloys, are materials of choice for
the manufacture of structural components and parts in many industries due to the
unusual combination of properties they offer, i.e. low weight, high energy absorption
capacity, high stiffness and high damping. These materials are used in a variety of
applications, some of which are based on significant mechanical properties (in
particular, closed cell foams), while others are based on rheological properties
and transport processes, which are enabled by the accessibility of open pores for fluid
penetration and flow (open cell foams). Or porous metallic materials.

Porous aluminium serves as an effective replacement for sintered metals,
aluminium foams and metal sponges. It is a 100 % open porous material and is suitable
for the replacement of sintered metal filters with filtration from 5 to 200u m. These
materials can be used to produce filters operating at temperatures of 250 to 300 °C.
Applications of this material are for heat exchangers, vacuum tables, energy absorbers
and shock absorbers. Today, not only the Alumeco Group but also Exxentis, Schweiz,
is professionally involved in these metal porous systems.

These metallic porous materials are, in some cases, referred to as metallic foams
produced by replication. Replication is one of the processing techniques used to
produce porous metal systems (with open pores). For example, an aluminium alloy
such as AISil2 or AISi7Mg etc. is used to produce aluminium foam or porous
aluminium material. From these alloys, a cylindrical cast is prepared, which is also
placed in a cylindrical mould on an infiltration layer of NaCl or the melt is poured into
a mould with NaCl and gradually infiltrated between its grains, see Fig. 2.1.

Professionally produced porous materials using NaCl particles have the commercial
designation EXXCENTIS or ALUPOR. Exxcentis is a Swiss company. The material
under the designation ALUPOR - Composite Material Ltd, Sverdlovsk region, Russia.

Its technical partner is Alumeco Group, Denmark.
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Fig. 2.3 Schematic of the production of NaCl-based metallic porous systems, CURRAN [18]

Fig. 2.4a) Production of porous aluminium, at the time of pouring the salt into the mould and
subsequent impregnation of the salt with the aluminium melt to form the Al-NaCl composite
system, ALUPOR

Fig. 2.4b) Production of porous aluminium, after casting the aluminium melt onto a NaCl bed
to form the Al-NaCl composite system, ALUPOR [20]
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Fig. 2.4c) Products made of porous aluminium material (NaCl particles used in production),
Composite Material Ltd., ALUPOR [20]

Researchers at the University of Sheffield are manufacturing porous aluminium
systems [15]. Subsequently, the production of an aluminium porous system using table
salt particles is also described. Here, the salt particles work on the principle of "salt
nuclei" to form a porous solid aluminium porous material. The principle is that an
aluminium tablet (approx. & 50 x 30 mm) is heated in a cylinder-shaped mould together
with table salt, which is poured into the bottom of the mould. The mould or tube is
approx. 145 mm high and is closed on both sides by flanges held in place by 4 screws.
The upper flange is fitted with an outlet for the connection of hoses in the shape of
a T. One outlet is used for the connection of a vacuum pump to create a vacuum in the
working space of the cylindrical part of the mould. The other outlet of the T-tube is for
the supply of argon. Approximately 300 to 500 ml of salt is required for the experiment.
Then a tablet of the appropriate metal e.g. aluminium or its alloy is inserted. Fig. 2.5a)
shows an example of fine salt (bedding salt) and infiltration salt (salt for the production
of porous metal systems), NaCl, as well as a diagram of the mould and the mould. Fig.
2.5b) is a diagram of the mould with two flange-shaped caps.

Fig. 2.5a) Different types of salt or salt bodies and technical data for mould-making [15]

Fig. 2.5b) Diagram of the mould for the production of aluminium porous systém [15]
Fig. 2.6 is a diagram of the mould and the salt and aluminium tablet layers. Fig.

2.7 shows the table salt, the aluminium tablet and the mould. The production is based
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on the principle of melt infiltration between NaCl grains, which is supported by both
vacuum and argon atmosphere. This production of porous aluminium materials is
referred to by the researchers as replication. A schematic illustration of the preparation
process of the porous aluminium materials produced is shown in Fig. 2.8.

Fig. 2.6 Diagram of filling the mould cavity with fine salt, porosity salt (infiltration salt) and
aluminium, LUNA [15]

Fig. 2.7 Table salt - NaCl, aluminium tablet and mould [15]

1) fine salt is put at the bottom of the preparation; 2) the necessary amount of infiltration salt
is then poured in; 3) an aluminium tablet of a certain size is placed on the infiltration salt;
4) vacuum conditions are created in the closed mould for melting the tablet; 5) the mould
is placed in the furnace, 6) infiltration of the melt between the grains of the infiltration salt -
NaCl, 7) manufactured system (infiltrated aluminium between the grains of the salt) 8)
insertion of the composite material, aluminium with salt into water, dissolution of the salt
occurs, 9) manufactured porous aluminium system

Fig. 2.8 Schematic of the production of an aluminium porous system (replication process),
LUNA [15]

Fig. 2.9 to Fig. 2.13 are partial examples of the necessary production equipment.

68



Fig. 2.9 Resistance furnace of special design with a split door in the upper part
of the furnace, [15]

Fig. 2.10 View of mould, table salt, aluminium tablet and
argon pressure vessel, LUNA [15]

Fig. 2.11 Treatment of the mould cavity before the technological process of the porous
system production, LUNA [15]

Fig. 2.12 The mould, pouring the curing salt into the mould and inserting the aluminium tablet
into the mould [15]
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Fig. 2.13 Assembling the upper flange and clamping with 4 screws, inserting the mould into
the furnace [15]

Fig. 2.14 is a schematic of the equipment for the production of porous aluminium
materials. Fig. 2.15 to Fig. 2.17 show examples of the vacuum system controls, gauge
readings, oven temperature settings, for the infiltration process, and for removing the
mould from the oven. Fig. 2.18 shows the aluminium porous materials (“foams")
produced. The material is from the publication by Luna et al [15].

After the mould is placed in the oven, the air must be sucked out of the mould working
area. This is done using a vacuum pump and a special line with a pressure gauge. And
the air is sucked out or a vacuum is created.

As can be seen from the above, researchers at the University of Sheffield are
producing aluminium porous systems based on melt infiltration between NaCl grains
in a special mould using vacuum and argon; a schematic of the plant is shown in Fig.
2.14.

\‘ H -~
L

= i — O

Vacuum pump

\
.y

1,2,3 - valves
Fig. 2.14 Schematic of the plant for the production of porous aluminium materials
using grains of salt NaCl [15]
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Valve 1 regulates the suction of air from the mould and contributes to the vacuum
in the mould. The corresponding piping with valve 1 and vacuum gauge is connected
to the vacuum pump. During the vacuum process, valve 2 is closed to prevent access
of argon and at the same time to prevent damage to the argon pressure gauge and the
vacuum gauge. Valve 3 is used to isolate the mould from the system and to detect gas
leaks from the piping system. Quick-release clamps are placed between them and
valve 3 so that the mould can be isolated from the system. The vacuum pump is
designed to provide a vacuum up to 750 torr. The furnace is electric
with heating control and program settings for different heating methods.

Fig. 2.16 T distribution system, flowing into the mould; switching on the vacuum pump and
creating a vacuum until the gauge needle reaches "0", [15]

The temperature in the furnace must be approximately 50 °C higher than the melting
temperature of the alloy used (e.g. Al, 660 °C). The heating time of the mould
containing the aluminium tablet and salt is 1.5 to 2 hours. After this time has elapsed
(1,5 to 2 hours), the argon supply valve is opened, and argon is fed into the mould, the
molten aluminium being forced between the grains of salt, which is helped by the
vacuum created in the mould. The mould is removed from the box-shaped furnace
with a special jig; see Fig. 2.17 (left) and Fig. 2.17 (right) show the heated mould from
which the manufactured material containing the cast grains of table salt is removed.
The researchers [15], to remove the hot mould from the furnace, created.
A special simple fixture in the form of a modified rod attaches it to the nut on the air
suction tube in the upper flange.
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Fig. 2.17 View of the open furnace, when removing the mould with special preparation (left),
removed mould (right), [15]

Fig. 2.18 View of the fabricated aluminium porous ("foam") material LUNA, [15]

The replication process, where molten metal is infiltrated between grains of
removable preform material, allows a considerably high degree of control and has been
used to good effect to elucidate some of these relationships. However, this process
has many steps that are dependent on the individual production technology. The
demonstration of the production of an aluminium porous material by University of
Sheffield researchers has aimed to describe all stages of porous material production,
including the use of all materials and equipment that are relatively easy to apply in a
research environment. It also aims to show how lightweight metallic materials can be
produced efficiently and simply. The obtained metal blanks with coated grains of table
salt are finally placed in water and boiled for about 30 to 60 minutes to dissolve the
table salt (leaching of salt nuclei). After drying, the porous aluminium material is
obtained. In this way, aluminium porous materials can be obtained (open cell systems
with a pore size of 1 to 2.36 mm, with a porosity of 61 % to 77 %. Fig. 2.19 shows
cross-sections of samples of fabricated porous aluminium materials. The Swiss
company Exxentis is also involved in the production of porous materials, see Fig.
2.20a) to Fig. 2.20d), [17]. Fig. 2.21 shows products made from porous aluminium
material with salt particles promoted by Material Distric, Narden [19].

Fig. 2.19 Aluminium porous systems produced by University of Sheffield staff, LUNA, [15]
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Fig. 2.20a) Aluminium porous systems, manufactured by Exxcentis, [17]

Pore sizes in the material:
1-0.10t0 0.35mm; 2 - 0.20t0 0.40 mm; 3-0.35t0 0.63 mm; 4 —0.35t0 1.00 mm; 5 - 0.63 to
1.60 mm and 6 — 0.63 to 3.00 mm

Fig. 2.20b) Aluminium porous systems, manufactured by Exxcentis [17]

Fig. 2.20c) Structure of porous aluminium materials based on Al-NacCl, (produced by
Alumeco Group and Exxcentis) [17]

Fig. 2.20d) Products made of porous aluminium material, manufactured by Exxcentis, [17]
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Fig. 2.21 Products made of porous aluminium material with salt particles promoted by
Material District, Narden [19]

The above porous aluminium materials serve as an effective replacement for
aluminium foams or aluminium sponges. It is a 100 % open porous material with pore
sizes ranging from 5 to 200p m. This aluminium material can withstand temperatures
from 250 to 300 °C. As can be seen from the above, spatially ordered particles are
used for the production of metallic porous lightweight materials with open cells (porous
materials). These spatial formations cause porosity or porosity in the final effect of the
material. Some technologies for the production of these materials are based on the
use of a powder of a given metal or metal alloy (e.g. aluminium alloy). The patrticles of
the metal powders used must be smaller than the particles to form the porosity of the
material, as the designation implies [9]. The metal powder must be thoroughly mixed
with the sodium chloride particles. During the processing of the powder with NaCl
particles for the formation of spatial porosity of the material, after the powder is melted
and solidified, these particles are subsequently removed by chemical or thermal means
[2,3,4,5,6]. The shape of the "space holder” particles controls the morphology of the
porous structure of the material. In addition to the widely used NaCl particles,
carbonate particles, carbamide particles, expanded polystyrene granules, magnesium
particles, polystyrene spheres, and more recently, sucrose crystals can also be used
[7,8].

Material District, Naarden [19], as well as other manufacturers, use NaCl particles
to produce porous aluminium systems. After the aluminium has solidified, the NaCl is
removed by placing the solidified NaCl particles in water. The sodium chloride is
leached out, making the material porous. Depending on the size of the NaCl grains,
the porosity of the aluminium produced may vary. The NaCl particles must be spread
out as the metal material solidifies so that all the empty spaces (cells of the porous
material) are interconnected after the subsequent leaching of NaCl.

The porous material can be used in filtration systems, lighting devices, wall
decorations, acoustic solutions, etc. The properties of the produced material are:
compressive strength 7 to 40 MPa (depending on the pore size), bulk weight 1350
kg-m-3, thermal conductivity coefficient is 40 to 45 [W-m1.K1], [19].
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2.2 Production of porous metal parts using metal flakes and spatial sucrose
formations

For the production of porous aluminium materials, aluminium alloy flakes can also
be used instead of aluminium melt or aluminium powder, as used by PAPATONIOU
[1]. For this purpose, sucrose, known as crystalline raw cane sugar, was used instead
of the traditionally used NaCl. The aim of using sucrose was to test the production of
an aluminium porous material in a simple, economical and environmentally friendly
way. The method involves mixing the powder, pressing, leaching and sintering. The
parameters for optimizing the production of aluminium porous material were
investigated. With the premise of producing high-quality open-cell aluminium porous
materials with excellent environmental and favourable economic effects.

The use of aluminium flakes with sucrose resulted in a porous material with
a porosity of 80 vol% with open cells. Relatively low compaction pres

sures are required to produce this material. The main parameter of the technology

used was the determination of the compaction pressure for the production of the

precursor and its sintering temperature. Fig. 2.22 shows a schematic of the production

process according to [1], which is as follows:

1) The preparation of aluminium flakes and the determination of a certain amount of
sucrose, which creates porosity in the metal system;

2) Mixing aluminium flakes with sucrose particles;

3) Pressing of a mixture of both mixed ingredients (aluminium flakes and sucrose),
pressing pressure 200 MPa. Obtaining a mixture of the pressed ingredients;

4) Water washout dissolving (using agitator 100 rpm, water temperature 60 °C)

5) Creation of a precursor for the production of porous material.

6) Sintering of the precursor in the furnace, burning of sucrose - i.e. obtaining porous
material. Sintering temperature 620 °C to 740 °C (heating rate 10 °C- min1, cooling

rate 3 °C-min?t).
g
- [E]—» edE AL

Aluminium flakes

@

Space holding particles Compaction

7) Obtaining porous material.
k

Green compact Water leaching

Precursor aluminium foam Sintered aluminium foam

Sintenng

Fig. 2.22 Schematic of the production of porous aluminium using sucrose, [1]
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Fig. 2.23 shows an example of the particles of both ingredients used.

Fig. 2.23 Materials used in the open cell aluminium foam manufacturing process: a) flaked
aluminium particles, b) sucrose patrticles, [1]

Pressing - a pressing pressure of 200 MPa was suitable for the production of stable
precursors. Cracks were formed when a pressure of 250 MPa was used see Fig. 2.24
(red arrows) [1].

Fig. 2.24 The obtained porous aluminium system and its structure produced by
pressing with a pressure of 250 MPa, cracks are evident, according to [1].

Sintering was carried out at temperatures between 620 and 740 °C. During sintering,
each compacted sample must be heated slowly at a rate of 10 °C- min? until the
appropriate temperature is reached and maintained for 3 hours. After sintering, the
precursors are cooled to a temperature of about 20 °C with a cooling rate of
3 °C:mint. It has been found that a porosity of 78,9 % of the obtained aluminium
material is obtained at a sintering temperature of 620 °C, and a porosity of about 76,8
% when a sintering temperature of 740 °C is used. Fig. 2.25 shows the samples after
sintering.

Dissolution during the dissolution process, the sucrose particles were easily dissolved
in distilled water to leave open cells in the precursor. A magnetic stirrer with a heating
plate at 100 rpm int and 60 °C for two hours was used to dissolve the "space-holding
particles". During dissolution, the water was heated to 60 °C. After the dissolution
process, the precursor was left in the oven for one hour to remove any remaining
distilled water. After drying for one hour, the weight of the precursor was determined
by weighing to the nearest 0.001 g to determine if any sucrose particles remained
within the porous structure. The measurements showed that after the entire dissolution
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drying procedure, no sucrose patrticles in the matrix of the aluminium ‘foam'. Porous
test samples & 25 x 15 mm were produced using this technology.

Sample no.5 Sample no.6 Sample no.7 Sample no.8

Fig. 2.25 Aluminium-based samples with sucrose after sintering, [1]

Table 2-2 lists the properties of the samples produced, according to [1]. The sample
numbers always represented the respective group. Samples of groups 1, 2 and 4 were
not tested.

Table 2-2 Values of selected quantities of aluminium samples produced using sucrose

[1]

Monitored values of selected variables of aluminium porous samples
25 x 15 mm
Absorbed Absorbed
A sample Pressing Sintering energy per energy per Porosity
from the pressure | temperature volume mass [%0]
group [MPa] [°C] [kJ-dm=3] [kJ- kg?]
without
3 200 sintering 0.39 0.62 79.8+ 1.8
5 200 620 0.41 0.67 79.9+ 1.6
6 200 660 0.78 1.32 78.1+ 1.7
7 200 700 0.94 1.41 77.2+15
8 200 740 1.16 1.85 76.8+ 1.3
9 200 780 the material collapsed during the test

Fig. 2.26a) shows the microstructure of the fabricated samples (open-cell
aluminium porous material) at a sintering temperature of 740 °C.

Determination of the density of the produced porous material (pr) - was made based on
known physical quantities:

pp = s (2.1)

= VP’

where denotes:pr is the bulk mass of porous material [kg -m=] or [g-cm3]; mp is the
mass of porous material [kg] or [g]; VP is the volume of porous material [m3] or [cm?].
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a - optical stereoscopic |mage illustrating irregular porous morphology;
b to d - morphology and internal structure of cell walls

Fig. 2.26a) Morphology and microstructure of fabricated samples of aluminium porous
material at sintering temperature 740 °C [1]

Fig. 2.26b) is the XRD analysis, i.e. the X-ray diffractogram of the precursor sample
(2) and the porous sample (1).
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Fig. 2.26b XRD analysis - X-ray diffractogram of precursor and sample - blue
and porous sample - red (bottom) [1]
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The determination of the porosity (total porosity) of the produced porous
material (Pp) can be calculated:

Pp=1- 22 (2.2)

PK.M

where it reads: Pp is the porosity of the material produced [1]; pr is the bulk density of
the porous material [kg-m=] or [g-cm™3]; pkm. is the density of the compact metallic
material [kg-m-] or [g-cm], i.e. the material without porosity. If pure aluminium is used,
then pk.p. = 2700 [kg-m2] or 2.70 [g-cm3].

Fig. 2.27 shows the porosity of the material produced as a function of the sintering
temperature. One set of three aluminium porous samples was produced for each
sintering temperature to ensure the reproducibility of the results. For all samples, the
total porosity was determined to be between 77 and 80 %, using equation (2.2), as
shown in Fig. 2.27a), where the dependence of the total porosity on the sintering
(sintering) temperature. Total porosity includes macroporosity derived from sucrose
particles. Therefore, to measure macroporosity, the sample surfaces were first treated
with electrostatic discharge to visualize their internal structure. The fabricated samples
were then examined macroscopically using an optical stereoscope and the
macroporosity was determined using an image processing program - open Image. The
average macroporosity value of all samples ranged from 63 % to 65 %, as can be seen
in Fig. 2.27b). At the same time, the microporosity of the samples was determined as
a function of sintering temperature (sintering), which ranged from 13 to 15 %, as shown
in Fig. 2.27c¢). Microporosity was determined by subtracting the macroporosity from the
total porosity of the sample [1]. The porosity measurement patterns indicate that there
is a small decrease in total porosity, macroporosity and microporosity with increasing
sintering temperature.

Subsequently, using Image software, an image of the structure of the fabricated
samples (with open cells) was processed and the mean macroporosity value was
further determined (see Fig. 2.28. Fig. 2.28a). This shows the fracture macrostructure
of the fabricated porous material. Fig. 2.28b) shows the structure with the porosity
indicated, which was determined using the Image Pmakro = 64% software.

The determination of the compressive strength of the samples of the produced
porous material was carried out based on tensile strength:

o= F
~(@app)’

(2.3)

where: F is compressive force [N]; A is the area on which the compressive force was
applied [m?]; Pp is the porosity of the material after the sintering process [1].

As can be seen from equation (2.3), the area affected by the compressive force is
influenced by the porosity of the specimen. Fig. 2.29 shows the stress-strain
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relationship of fabricated porous aluminium materials. Fig. 2.29 essentially shows the
compressive stress resistance of porous aluminium samples after their sintering
process at 620 °C, 660 °C, 700 °C, and 740 °C.

83% 68%
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74% | 60%
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Precursor 620 *C 660 *( 700 *C 740 *( Precursor 620°C 660 *C 700 *C 740 °C
Sintering temperature Sintering temperature
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Precursor 620°( 660 *( 700 *( 740 *(

Sintering temperature

Fig. 2.27 Porosity of the manufactured material determined by different methods: a)
according to equation (2.2); b) macroporosity determined by the scientific image processing
program — The open Image, ¢) microporosity calculated by subtracting macroporosity from
total porosity, [1]

Plll:lcro‘"n) (‘-‘

Fig. 2.28 Macrostructure: a) fracture of the fabricated porous material; b) porosity monitoring
of the structure using Image Pmako = 64 % [1]

The obtained stress-strain curves are characterized by a typical initial elastic response,
followed by a slight increase in stress with a large deformation with a positive slope,
and finally a transition to squeezing of the material. Porous specimens without the
sintering process show significant high stresses at the "plate”, which is expected due
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to the angular morphology of the material flows during compression. To more
accurately examine the elastic region, the strain scale for the elastic region was divided
into strain units; see Fig. 2.29 above. It was found that the strain changes in the elastic
region are non-linear, which was explained by the authors [1] by the manifestation of
material defects during the pressing process. Furthermore, the energy absorbed by
the material produced was also monitored.

Fig. 2.30 shows the energy absorption values of porous aluminium samples by
volume and by weight at different sintering temperatures. Energy absorption is an
important parameter to verify the usefulness of the produced porous material as
a possible energy absorbing "capacitor”.
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Fig. 2.29 Stress-strain relationship of aluminium porous materials produced at different
sintering temperatures [1]
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Fig. 2.30 Absorbed energy values of aluminium porous samples by volume (a)
and by weight (b) at 50 % stress, samples were manufactured
at different sintering temperatures [1]

81



The use of aluminium alloys as the main material of this process allows the
production of porous aluminium materials with excellent open cell structure. In doing
so, sucrose particles (which form the Space Holder Particles SHP) are used. To
produce these materials, low pressing pressures are required without the need for any
binding additives to improve the sintering process. As can be seen from the above,
sucrose crystals can be used to produce aluminium porous materials. The shape of
the internal pores (cells) of the material produced is related to the mean size, geometry
and volume of the sucrose particles used. The manufacturing process provides
a simple, inexpensive and environmentally advantageous method for the production of
porous materials.

2.3 Production of aluminium porous systems by infiltration using centrifugal
forces

WANG et al. [22] fabricated an aluminium porous system by a special infiltration
casting method. This method allows very good control of the topology of the fabricated
porous system (shape, size and pore distribution). This method usually uses
a removable pre-form with an interconnected porous structure into which the molten
metal infiltrates under external pressure. This is the basis for the production of open-
cell porous material. Infiltration casting was first used to produce "metal foams" or
metallic porous systems in 1961 (Polonsky et al.), as reported in [22]. Since that time,
4 different methods of producing pre-ingots and 4 different devices have been
developed. A detailed review of infiltration casting for the production of metallic porous
materials can be found in reference [23]. FABRIZIO et al. [24] used a hydraulic cylinder
to provide a pressure of 2.5 MPa and produced aluminium porous materials by
replicating a NaCl precast.

LARA-RODRIGUEZ et al. [25] developed a replication casting device and
successfully produced magnesium open-cell porous materials with a pore size of about
3.3 mm at an argon pressure of 1.96 bar (0.196 MPa). The conventional infiltration
casting method mainly uses mechanical pressure (piston or gas), but it is not enough
to effectively overcome the surface tension of liquid metals, and the residual gas in the
gaps or cavities of the pre-form is difficult to completely displace. For this reason, it is
difficult to achieve complete filling of the preform with molten metal. It is known that in
supergravity fields (created by a centrifugal device) mass transfer can be significantly
increased. Due to these properties, supergravity technology has been successfully
applied in many fields (e.g. in the chemical industry) so far. In terms of material
preparation, supergravity infiltration, also known as centrifugal casting, is one of the
simplest
and most efficient technology for the production of complex metal parts, functionally
graded materials and metal matrix composites (MMC).

To produce porous aluminium systems, YANG et al [22] assembled a centrifugal
casting plant (see Fig. 2.31). The assembly consists of a resistance furnace with
a cylindrical alumina chamber of 40 mm diameter and 150 mm length. For monitoring
The heating furnace and counterweight were symmetrically attached to the centrifugal
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rotor. The dashed line shown in Fig. 2.31b) indicates the furnace and counterweight in
the stationary state, and these change from vertical to horizontal rotation when the
centrifugal rotor is switched on.

As reported by WANG et al. [22], during infiltration, it is important that the effects of
centrifugal force positively influence the relative density and structure of the resulting
porous material. It should also be noted that the minimum centrifugal force is
determined by several parameters, such as the NaCl particle size and the infiltration
temperature. It is difficult to isolate the effect of specific parameters (NaCl particle size
and infiltration temperature) on the minimum centrifugal force using conventional
centrifugal casting, where the infiltration temperature cannot be precisely controlled.

During fabrication, it is important to position the embedded NaCl preform so that it
is towards the centre of rotation in the supergravity field due to its lower density of NaCl
(2165 kg-m= at 20 °C) than the specific gravity of aluminium (2700 kg-m at 20 °C).

A graphite crucible consisting of two small crucibles was used in the infiltration
experiment. The two small crucibles had the same inner diameter of 21 mm, and there
were 20 filter holes with a diameter of 0.5 mm at the bottom of the upper crucible. To
simplify the production process, sintering of the pre-form with NaCl particles was
avoided. The preform was placed in the lower graphite crucible, while about 30 g of
aluminium blocks were placed in the upper graphite crucible. The crucibles were
mechanically connected (screws). The entire crucible was then heated at 710 °C for
20 minutes in a centrifugal resistance furnace (see Fig. 2.31) to completely melt the
aluminium blocks. Later, the device was started and set to the desired rotation speed.
The centrifugal force exerted causes the molten aluminium to pass through the filter
holes and infiltrate the cavities before the NaCl is pressed. The rotation of the device
lasted 10 minutes initially, the temperature was 710 °C and later, the temperature
decreased at a cooling rate of 15 °C- min't. When the temperature was below 500 °C
(the aluminium was completely solidified), the centrifugal device was switched off.
and the graphite crucible containing the sample was removed and cooled in air. The
formed rigid aluminium-NaCl (Al/NaCl) composite system was removed from the
bottom crucible. Finally, the NaCl particles were removed from the composite by
dissolving them in water to obtain the final sample of porous aluminium material.

.........

1- counterweight, 2 - centrifugal rotor, 3 - axis of rotation, 4 - resistance heating furnace, 5 - resistance
furnace coil, 6 - graphite crucible, 7 - R-type thermocouple, 8 NaCl preform, 9 - aluminium melt
(aluminium alloy), 10 - temperature controller

Fig. 2.31 a) centrifugal device, (b) diagram of the centrifugal device [22]
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To quantify the supergravity field, the gravity coefficient G was determined, which is
defined as the ratio of the centrifugal acceleration to the normal gravitational
acceleration:

N2.g2.9 2
ey _ 7 )
G=lrremr oy (2.4)

where denote: g is normal gravitational acceleration (9.81 m-s™2); w is the angular
velocity of the radius [s™']; r is distance from the centrifugal axis to the centrer of the
NaCl preform, (in this work r = 0.25 m); N is rotational velocity, [rpm. min-].

During infiltration, supergravity rotation provides sufficient centrifugal pressure to
achieve full infiltration. The centrifugal pressure acting on the preform surface (Pc) due
to centrifugal force can be calculated:

_ pofad-13) _ pNEr?(13-19)

P,
¢ 2 1800

: (2.5)

where: p is the density of molten aluminium; Lz and L1 are the level of molten aluminium
measured from the centre of rotation.

A more detailed description can be found in [26]. In [22], where aluminium was used
and its specific gravity at 710 °C is 2373 kg-m=3, the values were L2 = 0.24 m and
L1 = 0.206 m. In combination with equation (2.1), the centrifugal pressure can also be
expressed

P, =705-G (2.6)

The maximum speed can be reached from 0 rpm-min-t to 1891 rpm- min-t, which is
the maximum as reported in reference [22]. The generated gravity coefficient increased
from 1 to 1000, and the centrifugal pressure increased from 0 kPa to 705 kPa. The
paper [22] presents the results of infiltration casting in a supergravity field. The
experiment yielded castings of a porous aluminium system that varied in pore size
based on the use of NaCl particles (200, 400 and 600u m). A centrifugal pressure of
Pc = 353 kPa (G = 500) was used in the experiment resulting in different pore sizes
and their metallic structures. As can be seen from Fig. 2.32 (a) to Fig. 2.32 (c),
a homogeneous pore distribution can be observed not only on the surface of the
castings but also in their transverse and longitudinal direction, see Fig. 2.32 (d) to Fig.
2.32 (f). The cross-sectional structures of the obtained porous aluminium systems were
obtained by scanning electron microscopy.

WANG et al. [22] observed aluminium infiltration during casting in a supergravity field,
where molten aluminium is forced to penetrate the NaCl preform channels. He obtained
three kinds of results: no infiltration, partial infiltration and full infiltration.
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Fig. 2.32 Aluminium porous systems (open cell) with different NaCl particle sizes were used:
(a) and (d) 200 m; (b) and (e) 400u m; ¢) and f) 600 m; pressure = 353 kPa (G = 500) was
used, cross-sectional structures were obtained using SEM, [22]

To evaluate the effect of the supergravity field on the extent of infiltration, the effect

of centrifugal pressure (Pc) and gravity coefficient (G) on the relative densities of the
final aluminium foams see Fig. 2.33 was plotted for three types of aluminium porous
systems.
As can be seen from Fig. 2.33, the relative bulk density increases gradually with
increasing centrifugal pressure coefficient and gravity (G). Thus, for example, from Fig.
2.33 for a NaCl particle size of 600 um, the following can be observed. The NaCl
preform cannot be infiltrated by molten aluminium until the Pc is above 8 kPa (G = 11).
The relative bulk mass increased rapidly to 0.21 with increasing Pc to 32 kPa (G = 45),
while above 32 kPa, the relative bulk mass also increased but relatively slowly. At
a maximum centrifugal pressure of 705 kPa (G = 1000), the relative bulk density of the
porous aluminium foam system with a NaCl pore size of 600 uym reached its peak, i.e.
0.24. Table 2-3 shows the values of selected physical quantities.

Table 2-3 Values of produced physical quantities of porous aluminium systems
infiltration in a supergravity field, Pc = 705 kPa (G = 1000) [22]

Values of produced physical quantities of porous systems<40 x 50 mm
Pore size Porosity Relative bulk Volume weight
[p m] (%] density [1] [kg-m3]
200 66 0.34 920
400 71 0.29 780
600 76 0.24 650

Figure 2.34 shows the structures, obtained by SEM microscopy, of a porous
aluminium system fabricated using NaCl particles of size 600 um, with different
centrifugal pressures, (a) and (d) 30 KPa; (b) and (e) 353 kPa; (c) and (f) 705 kPa.
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Fig. 2.33 Dependence of the effective centrifugal pressure and gravity coefficient on the
relative density of the porous system [22]

Fig. 2.34 Structure of a porous aluminium system made using NaCl particles of size 600 m,
with different centrifugal pressures, a) and d) 30 kPa; b) and e) 353 kPa,
¢) and f) 705 kPa [22]

The fabricated samples of the porous aluminium systém & 40 mm x 50 mm were
pressure-coated. The results obtained are shown in Fig. 22.35. Table 2-4 shows the
mechanical property values of the fabricated samples with pore sizes (200, 400 and
600u m) of the porous aluminium systems described above, produced by infiltration in
a super gravity field (centrifugal casting).

Fig. 2.36 shows the dependence of the yield strength of a porous aluminium alloy on
the relative density according to various authors and the results of [22].
From the work [22], it is clear that by infiltration casting in a supergravity field, it is

possible to produce a porous aluminium material (replicated aluminium foam) with
open pores with a relative density between 0.24 and 0.34 using NaCl particles of 200,
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Fig. 2.35 Compressive stresses of 50 x 50 mm& samples made with different NaCl particle
sizes (200, 400 and 600 m), Pc = 705 kPa [22]

400 and 600 uym, at an applied centrifugal pressure of Pc = 705 kPa (G = 1000). Fig.
2.36 shows the dependence of the yield strength of a porous aluminium alloy on the
relative density according to different authors and the results of [22].
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Fig. 2.36 Dependence of the yield strength of a porous aluminium alloy on the relative
density according to different authors and results according to [22]

Reference for Figire 2.36 [23] DESPOIS, J. MARMOTTANT, A. SALVO, L. and A. MORTENSEN.
Influence of the Infiltration Pressure on the Structure and Properties of Replicated Aluminium Foams,
Mater. Sci. Eng., A, 2007, 462, pp. 68-75. [26] JAMSHIDI-ALASHTIR and G. ROUDINI. Producing
Replicated Open-cell Aluminum Foams by a Novel Method of Melt Squeezing Procedure. Mater. Lett.,
2012, 76, pp. 233-236. [27] GOODALL, R. DESPOIS, J.F. MARMOTTANT, A. SALVO, L. and A.
MORTENSEN. The effect of pre-forprocessing on replicated aluminium foam structure and mechanical
properties, Scr. Mater., 2006, 54, 2069-2073. [28] GOODALL, R. MARMOTTANT, A. SALVO, L. and A.
MORTENSEN. Spherical Pore Replicated Microcellular Aluminium: Processing and Influence on
Properties, Materials Science Engineering, A, 2007, 465, pp.124-135.
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Table 2-4 Mechanical properties of porous aluminium system samples [22]

Mechanical properties of samples of porous aluminium systems
Pore size Yield strength | Limit of strength Young's Redesign
[um] Rpo,2 [MPa] Rm modulus value when pressed
[MPa] [MPa] (ep)
200 2.59 5.35 93.3 0.51
400 1.71 3.37 67.5 0.53
600 1.01 1.94 39.2 0.54

2.4 Production of aluminium porous materials by the controlled infiltration
method atmosphere

PIMIENTO et al. [27] describe the fabrication of aluminium porous materials
(with open cell pores) that were produced by infiltration processes using controlled
atmosphere devices for metal fusion and infiltration processes.

The material characteristics of the fabricated porous aluminium material samples were
monitored. For this purpose, the methodology developed by BAFTI
and HABIBOLAHZADEH [28] was used.

The determination of the density of the material produced is based on a basic physical
formula:

b= (2.7)

where: m is the weight of material produced [kg]; V is the volume of material produced
[m?].

Determination of the theoretical density of the composite material (aluminium and
NacCl):

pr = (Par * War + [Pnact - (1 — my) (2.8)

where: pai is density of aluminium (2700 kg-m3); Wai is the corresponding percentage
of the aluminium fraction [1]; pai is density of NaCl (2165 kg-m-3);

Determination of porosity of composite material (aluminium and NacCl):

szl—p_K,

oK (2.9)

where: pk is density of the composite material, [kg-m=3]; pt is theoretically determined
density of the composite material (aluminium and NacCl), [kg-m-3].

The determination of the porosity of a porous material (Pp), e.g. aluminium, can be
made based on equation (2.2).
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The authors [27] determined the topologies of NaCl particles using digital images
and determined the morphologies and size of NaCl particles. They also determined the
shape of the cells forming the porosity of the material. Using scanning electron
microscopy (SEM Jeol JSM 6610 HLV), they observed the interconnectedness of the
cells of the porous material. For each porous aluminium material sample produced, the
dimensions were measured, and its weight and the bulk weight in the composite (Al-
NacCl) state were determined. Similarly, the masses of the resulting aluminium porous
samples were determined after leaching (splitting NaCl in water). Their bulk mass was
calculated. The weights were determined by weighing to the nearest + 0.001 g. Based
on these data, the specific gravity of the compact material pk.m., the bulk weight of the
porous aluminium material pe, the porosity of the compact material Pk and the porosity
of the fabricated material Pr were determined using equations (2.2), (2.8) and (2.9).

The authors [27] used pure aluminium (purity 99.8 %) in the form of ingot for the
experiments. Equiaxial granules of NaCl in three particle sizes (Group |, particle size
range from 4.7 to 4.0 mm; Group I, particle size range from 4.0 to 3.3 mm; and Group
lll, particle size range from 3.3 to 2.0 mm) were used to create the porosity of
aluminium (translated as Space Holder Particles (SHP). The obtained aluminium
porous materials showed in all cases a highly porous structure with interconnected
porosity cells. The maximum porosity value was 73.7 %, and the minimum density
value was 0.71 g-cm3 (710 kg-m3). This work shows that sodium chloride particles of
a certain size are required to produce porous materials with high cell interconnectivity.
For this, a device that allows controlled atmosphere metal fusion and infiltration
processes is suitable. An inert gas atmosphere is suitable for this purpose, which
protects the metal against rapid oxidation. The production equipment used has been
separated from the heating furnace. The authors have described the basic principle,
the equipment itself is described very briefly. Internally, the plant consists of a metal
container with a hole in the bottom and a metal mould. Fig. 2.37 shows the basic
container-mould system, in which a metal container containing aluminium is placed on
a metal mould containing a bed of NaCl particles. The vessel and mould are
interconnected. The vessel-mould system is then placed in a conventional vertical
electric furnace with a controlled inert gas atmosphere. In the experiments, each size
group of NaCl was placed in a metal crucible so that the crucible was filled.

The aluminium melt was placed inside a metal container with a hole in the middle
of the bottom (see Fig. 2.37). Fig. 2.38 shows the sodium chloride particles of the sizes
used, in three size ranges: a) is from 4.7 to 4.0 mm; b) is a range from 4.0 to 3.3 mm;
and c) is a range from 3.3 to 2.0 mm.

The metal container with aluminium was placed on top of the metal mould with NaCl
to ensure continuous contact of the NaCl particles. The mould-vessel system was
introduced into a vertical electric furnace to melt the aluminium at 700 °C for 30
minutes. When the aluminium was melted, the bed of NaCl particles was infiltrated with
liquid aluminium by gravity. After the infiltration process, the mould-vessel system was
cooled to obtain an Al-NaCl compact.
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Fig. 2.37 Schematic of the container/mould equipment used for processing aluminium
"foams" with open pores, according to [27]

Fig. 2.38 View of NaCl patrticle sizes used for the production of porous aluminium systems
(aluminium "foams"): (a) NaCl particle size from 4.7 to 4.0 mm; (b) NaCl particle size from 4.0
to 3.3 mm; and (c) NaCl particle size from 3.3 to 2.0 mm [27].

The amount of NaCl in the compact material was leached by immersion in a water
bath at 25 °C for two hours to form a porous aluminium material with interconnected
cells. Finally, to determine the volume of NaCl in each porous material, NaCl (sodium
chloride) was leached. The leached salt - i.e. sodium chloride was dried in an oven at
105 °C until the observed mass was stable. This mass of NaCl was monitored for
feedback. The NaCl content for each aluminum foam obtained was 53.1 % by volume
for particle size I, 54.1 % by volume for particle size I, and 56.4% by volume for particle
size lll.

Fig. 2.39 shows samples of cylindrical aluminium porous systems that were
produced by the infiltration process using NaCl particles with a particle size of 4.7 to
4.0 mm, see Fig. 2.38 (a). With NaCl patrticle sizes of 4.0 to 3.3 mm, see Figure 2.38
(b) and with NaCl particle sizes of 3.3 to 2.0 mm, see Figure 2.38 (c). Fig. 2.39 (a), left
and right, shows the cast samples obtained, consisting of both aluminium and sodium
chloride. Fig. 2.39 (b), left and right, shows the cast samples formed with aluminium
and sodium chloride after machining. Fig. 2.39 (c), left and right, shows fabricated
samples from which sodium chloride has been removed by dissolution in water.
A relatively uniform distribution of cells can be observed in the samples. As a result of
this production technology, aluminium porous samples with homogeneous cell
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distribution were obtained. It is expected that the porous aluminium material produced
in this way, with a highly homogeneous structure, will exhibit relatively high mechanical
properties.
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Left: (a) (b), (c) - samples produced using NaCl particles with particle size range | (4.7-4.0 mm);
Right: (a), (b), (c) - samples produced using NaCl particles with particle size range Il (4.0-3.3 mm).

Fig. 2.39 Fabricated aluminium samples after the infiltration process: (a) obtained Al-NaCl
extrusions, (b) obtained Al-NaCl extrusions after machined processes, and (c) obtained
aluminium porous systems after NaCl leaching in water, [27].

Fig. 2.40 shows the interconnectedness of the cells obtained using NaCl particles
ranging from 4.0 to 3.3 mm. The areas enclosed by the yellow lines show the
approximate form of the equiaxial NaCl particles used to produce the porous aluminium
materials. It can be seen that the cell (pore) sizes in the samples using both types of
NaCl particle sizes are quite consistent. At the same time, Fig. 2.40 also shows the
interconnection with the second cell, which is outlined by the red oval. This second cell
is also connected to the third cell, which is marked by the green oval. Both of these
interconnections correspond to the black area in Fig. 2.40, which creates an open cell
structure, and virtually all of the cells are connected.

Fig. 2.41 shows the densities of pr (theoretically determined bulk mass of the porous

material), px (bulk mass of the composite system: aluminium NaCl), and
pp (bulk mass of the produced porous material) as a function of NaCl content. From
Fig. 2.41, it can be seen that the values of all three observed densities decrease with
increasing NaCl content (pr, pk, pp).
The reduction pt can be explained by the lower density of NaCl, which is 2165 kg-m-3,
compared to the density of aluminium of 2700 kg-m. Since the proportion of NaCl
particles in the composite material (aluminium-NacCl) increases, the reduction of pt. On
the other hand, pk is lower than pr. This reduction can be explained based on two
reasons:

a) lower density of NaCl compared to aluminium;

b) the formation of void spaces that may be present between the aluminium

and NaCl particles.

Fig. 2.42 shows the dependence of the porosity of Pr and Pk on the NaCl content.
Both porosities increase with increasing sodium chloride content. The porosity of P« is

the porosity of compact material, and the porosity of Pp is the porosity of porous
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material. The increase in Pk is mainly associated with the decrease in NaCl particle
size.

Fig. 2.40 Structure of the aluminium porous system fabricated using NaCl particle sizes
ranging from 4.0 to 3.3 mm and subsequent leaching; the yellow line shows the
interconnection of the cells, the interconnection with the second cell is delineated
by the red oval and the interconnection with the third cell is indicated by the green oval;
scanning electron microscope [27]

As the particle size decreases, the contact points between the NaCl particles increase,
and the void spaces within the compact space located around these contact points
also increase. As a result, the liquid metal is unable to surround (wet) the NaCl particles
due to its surface tension and thus, the liquid metal cannot infiltrate these small void
spaces within the NaCl bed. The porosity of Pp aluminium porous materials after the
sodium chloride dissolution process in water also indicates a continuous increase in
porosity of the porous material with increasing NaCl content in the metal volume.
In the case of higher NaCl content in the metal material, after the dissolution of NaCl.
A larger void space is formed in the metal material, which leads to the growth of
material porosity. On the other hand, it is observed in Fig. 2.42 that the difference in
porosity between samples with high NaCl content (56.4 vol. %) and those with lower
NaCl content (53.1 vol. %) also increases when the NaCl content in aluminium is also
increased. This tendency is attributed to the sum of two effects.
a) the increase in void spaces found around NaCl particles, which increases with
decreasing NaCl particle size and increasing NaCl content.
b) the empty spaces left by NaCl particles after their leaching, which increase with
increasing NacCl content.

The results [27] shows that the fabricated aluminum open-cell porous materials
containing cells (pores) between 65.3 % and 73.7 % of the fabricated volume,
with a minimum density of 710 [kg-m-3].
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Fig. 2.41 Variations of the density of aluminium system samples as a function
of NaCl content [27]

These materials can be produced by a special method of infiltrating liquid aluminium
into a bed of NaCl particles. All these fabricated porous aluminium samples exhibited
a highly interconnected porous structure. This high intercellular connectivity was due
to the contact between the NaCl particles in the bed, which was supported by the
specific fabrication. This is done by placing a metal container with aluminium in a metal
mould with NaCl particles. This configuration prevented the movement of the NaCl
particles due to density effects between the aluminium and NaCl particles.
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The upper straight line is the porosity of the fabricated aluminium porous system;
The lower line is the porosity of the compact system: aluminium-NacCl.

Fig. 2.42 Variants of sample porosity as a function of NaCl content, [27]
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The presented results show that the use of infiltration processes is an excellent
method for obtaining aluminium porous materials with high porosity
and a homogeneous distribution of cells (pores). The achieved structure of porous
aluminium material with open cells is important for applications where mass or energy
transport is essential.

2.5 Production of aluminium porous materials by the gravity infiltration method
casting into a metal mould

The team of authors [29] dealt with the production of porous metallic materials with
open cells by gravity casting into a metal mould. This technology is also based on the
use of NaCl particles. For this purpose, the authors [29] used aluminium alloy A356
(AISi7 Mg0.3) and different amounts of sodium chloride particles. Sodium chloride is
a favourable ecological material, it is relatively inert to aluminium and its use is also
associated with low economic costs. Before the experiments, the morphology and
microstructure of the NacCl particles were observed (see Fig. 2.43).

The aluminium alloy used (A356 - AlSi7Mg0.3) was taken from a bun. It was melted
in a graphite crucible, which was placed in an electric resistance furnace. The alloy
was gradually heated in the furnace, which was set at 850 °C with a temperature
increment of 25 °C-min’t for two hours to homogenize the melt. Then, the molten
aluminium alloy A356 was cooled down to 680 °C. At the same time, the NaCl salt
particles were weighed according to their mass distribution and preheated at 680 °C
for 15 min in the furnace. Then, the appropriate amount of NaCl was added to the
molten aluminium alloy A356. These appropriate amounts of NaCl are given in Table
2-5. Table 2-5 also shows the ratio of NaCl and alloy A356 used.

Fig. 2.43 Morphology of sodium chloride used (square appearance) [29]
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Table 2-5 NaCl particle ratio for melt mixing [29]

Composition of NaCl particles used for mixing into the aluminium melt
Ratio (NaCl: A356 alloy) 0.2:1 0.6:1 1:1
Normal casting, NaCl: A356 alloy (in grams) 10:50 30:50 50:50

The measured mixture of NaCl and A356 alloy melt was manually stirred for one
minute to obtain a uniform distribution of salt particles in the melt of the aluminium alloy
used. Further, during the casting process, argon was used and flushed at a rate
of 1.0 I-mint for one hour to ensure a homogeneous distribution of NaCl in the melt.
The molten aluminium alloy A356 containing NaCl was allowed to cool
in a crucible at room temperature for 30 minutes. The solidified material was then of
the produced "composite” (NaCl-solidified alloy A356) removed from the crucible. This
‘composite’ was incubated in water at 90 °C for approximately 1 hour. This removed
the NaCl particles, resulting in a porous aluminium material with open pores. All porous
material samples were produced in this way. The morphology was observed on
a light and scanning microscope and microstructure of the produced porous materials.
Furthermore, porosity and bulk density were investigated on the fabricated porous
material. The bulk density decreased with increasing porosity of the fabricated material
due to increasing NaCl content. Table 2-6 shows the average pore sizes left by NaCl
particles in aluminium alloy A 356. Table 2-7 shows the corresponding densities.

Table 2-6 Average pore sizes in aluminium porous material samples from A356 alloy
with open cells [29]
Average pore size in A356 samples
Sample of premium material 10 NaCl-A356 30 NaCl-A356 50 NaCl-A356
Average pore size [um] 203.90 209.40 223.60

Table 2-7 Bulk density values of porous A 356 alloy samples [29]
Bulk density values of porous A 356 alloy samples

Sample of premium
material A 356 10 NaCl-A356 | 30 NaCI-A356 | 50 NaCl-A356
Bulk weight [kg-m™] 2690 2670 2610 2490

The density of the A356 alloy without salt particles is expected to be the highest,
i.e. 2690 [kg-m3]. Also, as expected, the bulk density of the porous A356 alloy sample
decreased with increasing NaCl. As reported by [29], the lower bulk density can be
attributed to the larger pore size, as shown in Table 2-6. Also, the higher amount of
NaCl provided more pores and thus, a lower bulk density of the material produced was
achieved. As expected, the lowest bulk density was exhibited by the porous A 356 alloy
sample, which was fabricated with the highest NaCl particle content, i.e. 50 g NaCl,
and exhibited a bulk density of 2490 [kg-m-3]. Fig. 2.44 shows the bulk mass of the
fabricated open-cell aluminium porous alloy A356 samples that were fabricated with
different amounts of NaCl (0, 10, 30 and 50 g).

Fig. 2.45a) shows the porosity of the fabricated open-cell aluminium porous A356
alloy specimens using different amounts of salt (0, 10, 30 and 50 g NaCl). For this
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purpose, stereo microphotography of open-cell aluminium porous A356 alloy samples
at 20x magnification with different NaCl contents was used.

The surface of the fabricated aluminium porous material samples with different sodium
chloride particle contents was observed on a scanning electron microscope with
(a) A356-10 gNacCl, (b) A356-30 gNacCl, (c) A356-50 g NaCl, see Fig. 2.45b.
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Fig. 2.44 Dependence of the density of the porous A 356 alloy sample
on the NaCl content [29]
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a) A356-10g NaCl; b) A 356 - 30 g NaCl; c) A 356 - 50 g NaCl

Figure 2.45a) Macrostructure of aluminium porous samples made from A 356 alloy with
different NaCl contents (grams), magnification 20 times, left. Microstructure of aluminium
porous samples made from A 356 alloy with different NaCl contents (grams), scanning

electron microscope SEM

The authors [29] do not provide a methodology for monitoring porosity, but the
calculation according to equation (2.2) was likely used. Fig. 2.46 shows the porosity of
the fabricated A356 Al alloy samples with different amounts of NaCl. From Fig. 2.46, it
is clear that the porosity of the fabricated samples increases with increasing NacCl

content.
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Fig. 2.45b) Surface structure of fabricated samples of porous aluminium materials, SEM with
different NaCl content, a) A356 -10g NaCl, b) A356 - 30 g NaCl, c) A356 - 50 g NaCl
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Fig. 2.46 Dependence of the porosity of the porous A 356 alloy sample
on the NaCl content, [29]

The sample of the alloy without NaCl has essentially no porosity in theory, yet the
sample showed a porosity of 0.22 %. The other aluminium alloy samples showed
porosities ranging from 1.26 % to 7.84 % depending on the increasing amount of NaCl.
The highest porosity was obtained using 50 NaCl - A356, which showed a porosity
value of 7.84 %. It is a great pity that the authors of AIDA et al. [29] do not give the
relationships that lead to the determination of both the density and porosity of the
porous materials produced, which they call aluminium "foams". The porosity values
given are very low compared to those given by the authors [30] and [31]. It should be
noted that the authors of [29] give some NaCl values in grams and some in % wt.

2.6 Production of porous metal materials using metal powder and NaCl space
formations

MOHAMMED and ALJUBOURI [11] also produced aluminium porous materials
using salt particles. Aluminium powder (aluminium alloy) was used for this purpose
with a particle size of 3.63 um (0.00363 mm). This aluminium powder was mixed with
NaCl particles (see Fig. 2.47). NaCl particles with sizes ranging from 300 to 400 pm,
i.e. 0.300 to 0.400 mm, were used to produce the porous aluminium material. For the
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experiments, aluminium powder was mixed with sodium chloride particles in the ratio
of 30, 40, 50, 60, 70 and 80 wt.%. Fig. 2.47 shows the shape of NaCl particles and
aluminium powder observed on a scanning electron microscope.

After perfect mixing of the two ingredients (Al powder and NaCl) for about 1 hour in
a mixing machine, the prepared mixture was pressed at a pressure of 200 MPa in
a specially made jig (with a cavity & 30 x 50 mm) on a hydraulic press to achieve the
desired shape of the resulting pressed "composite system" (aluminium
and NaCl).

Fig. 2.47 Shape of NaCl particles (a); aluminium powder used for the production of
aluminium porous materials (b), observed on SEM microscope, [11]

If it is a pressing of metal powder and sodium chloride, it can be done either by
unidirectional or both directional pressing of the mixture of metal powder and sodium
chloride. However, this depends on the appropriate design of the jig, which is always
necessary to produce a pressed metal porous material using NaCl. Fig. 2.48 shows
the Al-NaCl composite system before and after sintering (sintering).

Fig. 2.48 Aluminium samples in the production of porous material a) after sintering;
b) after dissolution of NaCl; note: the pictures are not of good quality even in the
original publication [11]

This was followed by heating in an oven of the compacted composite material,
under an argon atmosphere at 650 °C for 2 hours. This process was carried out for
sintering. After sintering, sodium chloride was removed from the compacted material
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and thus treated. The samples were placed in boiling water at a temperature of
approximately 95 °C for 10 hours. The boiling water gradually dissolved the sodium
chloride from the aluminium material.

Fig. 4.49 shows the porosity and density values obtained for the samples of the porous
materials produced. As is generally assumed, and Fig. 4.49 confirms this, the porosity
of the samples increases with increasing NaCl content. Conversely, the bulk density of
the porous aluminium material samples decreases with increasing NaCl content. The
porosity of the sample that was made using 80 wt% NaCl is very high, reaching 81%,
the material shows high porosity but very low density. Fig. 2.50 shows the dependence
of strength on porosity of the fabricated aluminium porous materials.
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Fig. 2.49 Effect of NaCl content on porosity and density of aluminium materials, [11]
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Fig. 2.50 Compressive strength (MPa) of aluminium porous material samples related to
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Table 2-8 shows the values of compressive strength and Young's modulus of

elasticity of the fabricated aluminium porous material samples (aluminium powder to
sodium chloride ratio of 30, 40, 50, 60, 70 and 80 wt %).
Fig. 2.51 shows the microstructure of samples of aluminium porous materials produced
on the basis of different ratios of aluminium powder and NacCl, wt.%. It has been shown
that when a higher content (wt. %) of NaCl was used in the ratio of aluminium cladding
to NaCl, a larger size was achieved in the material produced as well as higher pore
sizes.

Table 2-8 Compressive strength and Young's modulus values of fabricated aluminium

porous material samples using different NaCl contents
Compressive strengths, E values and mean pore size of samples of porous aluminium materials
made with different ratios of aluminium powder and NaCl [wt. %)]

Al
Sample Al Al Al Al Al Al 80
30 NaCl 40 NacCl 50 NacCl 60 NacCl 70 NacCl NaCl

Compressive

strength [MPa] 60.5 32.7 24.7 9.4 6.5 3.8 0.26
Young's modulus
of elasticity [GPa] | 1.45 1.32 0.62 0.46 0.25 0.14 0.023

Mean pore size
[mm] - 0.29 0.30 0.35 0.41 0.46 -

At high NaCl content, most of the NaCl particles were in contact with each other.
A continuous dimensionless network of pores was formed after NaCl desulfurization.

()
\ _Isolated pore O Interconnected pore

Insolate pore - isolated pores; Interconnected pore - connected pores
a) Al-30NacCl; b) Al-40NaCl; c) Al-50NaCl; d) Al-60NacCl; e) Al-70NacCl; f) Al-B0NaCl

Fig. 2.51 Microstructure of aluminium porous material samples produced on the basis of
different NaCl content by weight, determined by light microscopy [11]
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In contrast, isolated pores with a thick cell wall were observed when 30 wt% NaCl
was used. At 80 wt% NaCl, the pores found were mostly interconnected and showed
thinner cell walls. The values of the mean pore sizes are shown in Table 2-8.

Also, the issue of the fabrication of open-cell aluminium porous materials and the
use of the pressing process has been addressed by NANSAARNG and SOPHA [30].
For this purpose, they used aluminium powder with a purity of 99.8 % and a particle
size of 0.6 mm. They also used sodium chloride particles with two particle sizes of 0.6
mm and 0.3 mm. The aluminium powder to NaCl was mixed in a 2:1 ratio. This mixture
was compressed in the mould with a force of 40 kN to form cylindrical speci & 25 x 40
mm (see Fig. 2.52).

sample produced using 0.6 mm NacCl particles (left)
sample produced using NaCl particles with a particle size of 0.3 mm (right)

Fig. 2.52 Samples of porous aluminium materials© 25 x 40 mm with NaCl particle sizes of
0.6 mm and 0.3, produced by the pressing process [30]

The samples thus produced [30] were heat treated in an oven at 720 °C for one
hour. Then, the samples were stripped of NaCl and subjected to compression testing
and microstructure monitoring. At the same time, the porosity of the fabricated samples
was calculated, according to the relations of [30], which the author refers to as apparent
porosity (porosity).

M-D

P, = (*2) 100 [%], (2.10)

where: Pz is apparent porosity [%]; M is mass of melt [kg]; D is mass of solid material
[kg]; V is total volume [m].

The density calculation was performed according to the relation:

D
B=2. (2.11)
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Table 2-9 shows the weight, bulk density and apparent porosity. Sample 1 was
made with a 2:1 ratio of ingredients: 0.6 mm particle size aluminium powder and 0.6
mm particle size NaCl. Sample 2 was again made with 2:1 ingredients, namely,
aluminium powder with a particle size of 0.6 mm and NaCl particles with a particle size
of 0.3 mm. This sample designation is also valid for other tables. Since the aluminium
samples were removed immediately after their production, the salt particles were
removed by dissolving them in water. Therefore, their weight in the undried and dried
states was monitored.

Table 2-9 Apparent porosity values [30]

Apparent porosity values of porous aluminium samples
Sample Weight Weight Volume weight Apparent
(moist) (dry) [kg-m-3] porosity
[9] [9] [%]
1. 19.96 13.94 1174 51.37
2. 19.39 13.65 1118 51.35

Table 2-8 shows small differences in the determined weight and bulk weight of the
samples. In fact, the authors [30] did not accurately characterize the dimensions of the
samples studied and this is then a problem for the assessment of the determined
results. With the same dimensions of both samples, it is obvious that NaCl with larger
particles will create more porosity of the material or sample, and thus, its bulk mass
will be lower. At the same time, the structure of the produced porous (porous)
aluminium samples was also observed on a scanning electron microscope ( see Fig.
2.53).

Fig. 2.53 Structure of porous aluminium material produced using NaCl particles of 0.3 mm
(left) and 0.6 mm (right); SEM electron microscope

Table 2-10 shows the density values of the produced porous aluminium materials with
NacCl particle sizes of 0.3 and 0.6 mm.

The bulk weight of the samples thus produced ranged from 1100 to 1200 [kg-m-3] with
porosities of 50 to 52 % and compressive strengths of 16 to 17 MPa. The results
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reported in [30] provide a basis for monitoring the properties of porous aluminium
materials.

Table 2-10 Bulk density values of produced porous aluminium samples [30]

Values of selected physical quantities of porous aluminium samples
Sample Weight Volume weight Volume Volume
(dry) [g-cm] weight [cm?3]
[g] [kg-m~]
1. 13.94 11.74 1174 1.19
2. 13.65 11.18 1118 1.22

Table 2-11 shows the compressive strength values of the fabricated porous aluminum
specimens. The samples used for compressive strength monitoring were & 22.4 mm.

Table 2-11 Compressive strength values of fabricated porous aluminum specimens

[30]
Compressive strength values of porous aluminium specimens
Sample area Total load Compressive strength
Sample [mm?] [N] [MPa]
1. 394.0 6531 16.6
2. 390.5 6745 17.3

Also, HUSSAIN and SUFFIN [31] dealt with the production of porous aluminium
materials based on the sintering of a mixture of aluminium and NaCl patrticles, with a
subsequent process of dissolution of the salt particles. The aim of their research was
to observe the effect of the amount of NaCl on the morphology of the formed cavities
or the porosity of the fabricated samples. In their experiments, the researchers [31]
used pure aluminium powder (99.8 % purity) with a particle size of 35 um (0.035 mm)
and NaCl particles of 1 mm. The pure aluminum powder with NaCl particles was mixed
in a ball mill for 1 hour according to the composition used as shown in Table 2-12.

Table 2-12 Powder ratio in the preparation of porous aluminium samples [31]

Ratio of mixed powders of aluminium and NaCl
Porous material Amount of pure aluminium Amount of NaCl
designation powder [% wt] [% wt]
Al-20 NaCl 80 20
Al-40 NaCl 60 40
Al-60 NaCl 40 60
Al-80 NaCl 20 80

A small amount of ethanol was added during mixing to prevent the segregation of
the powder. The respective mixture was pressed at 200 MPa in a metal tool to obtain
a cylindrical compact material. Next, the cylindrical compact material was sintered in a
tubular electric furnace at 570 °C under an argon atmosphere for
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5 hours. The obtained compact aluminium material with NaCl particles was then placed
in water at 90 °C for 1 hour to dissolve or wash out the sodium chloride particles.

The authors of [31] present the relations for the determination of the density and
porosity of the obtained porous material, which they adopted from the authors of [32].
The bulk density (pp) was determined by the double weighing method in air and water,
according to Eq:

pr = (52%57) Puquia (2.12)

Wce—= Wp

where: wa is the weight of material on air [g]; wc is the weight of material and water [g];
Wp is the weight of water loss [g].

To determine the porosity of the porous material (or aluminium "foam"), the
researchers [31] used relation (2.2), which they expressed in [%], see relation (2.13):

P, = [1 - ”—P] =100 [%], (2.13)
pPAl

where denotes:pr is density of the prepreg material [g-cm™]; pp is density of pure
aluminium 2.7 [g- cm™3]; piiquia is density of water 1.0 [g- cm3].

Fig. 2.54 shows the density and porosity relationships of the fabricated porous
aluminium materials using different NaCl contents obtained by researchers [31].
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r 70

r 60

r 50

b 40

Density (g/cm?)
Porosity (%)
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0.0
0 20 40 60 80
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Fig. 2.54 Dependence of density and porosity of produced porous aluminium materials on
the volume fraction of NaCl used, according to the results of [31]

Fig. 2.55 shows the microstructure of the samples obtained using a light
microscope. The researchers [31] observed connected and unconnected cells. The
interconnected cells were better at removing NaCl particles. Fig. 2.55 shows that the

104



microstructure of the porous aluminium samples produced (aluminium ‘foams') varies
in the size and shape of the pores (cells). The shape of the pores replicated the initial
cubic shape of the NaCl particles. It was observed that the following sequence of foam
means reflected the pore size in ascending order: AI-20NaCl, Al-40NacCl,
Al-60NaCl and Al-80NaCl. From these findings, it can be concluded that by increasing
the NaCl particle content in the production of porous aluminium materials (aluminium
"foams"), larger cells and higher pore sizes can be obtained. As noted by the
researchers [31], isolated pores were mainly seen to a large extent in aluminium
material when using Al-20 NaCl. On the contrary, a large amount of interconnected
pores was observed in the aluminium material when using Al-80NaCl. This observation
suggests that a higher NaCl particle content is more conducive to the formation of
interconnected pores. At the same time, it is important to observe the relationship
between pore size, cell walls and density of the fabricated porous aluminium material.
This relationship affects the properties of the fabricated porous aluminium materials.

[ () 1sclated pore O Iuncmxrdedpon] 1 m

insolated pore - marked areas above, interconnected pore - marked areas below

Fig. 2.55 Structure of fabricated porous aluminium materials (aluminium "foams") with
different NaCl contents: (a) Al-20NaCl; (b) Al-40NaCl; (c) Al-60NacCl; (d) Al-80NacCl; obtained
using light microscopy, [31]

Fig. 2.56 shows the microstructure and pore characteristics of the fabricated samples,
which were observed using a scanning electron microscope (SEM).

The values of the monitored quantities are shown in Table 2-13. In addition to density,
the average pore (cell) size [um] of the fabricated aluminium porous samples was also
monitored. At the same time, the values of the average pore (cell) wall thickness [um]
were also monitored.

As can be seen from the values shown in Table 2-13, the bulk density of the porous
material decreases with increasing NaCl content. Its minimum value is 1300 [kg-m-?],
which is close to the density value of 1174 [kg-m] measured by NANSAARNG and
SOPHA researchers [30].
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Fig. 2.56 Microscopic observation of the pores of aluminium porous materials (aluminium
"foams") using different NaCl contents: (a) Al-20NacCl; (b) Al40NaCl;
(c) Al-60NaCl; (d) Al-80NaCl [31]

Table 2-13 Density values, average pore size, the average pore wall thickness of
fabricated aluminium porous samples [31]
Characteristics of porous aluminium material

Al-NaCl ratio Al-20NaCl Al-40NaCl Al-60NaCl | Al-80NaCl
Bulk weight [g- cm] 1.99 1.90 1.69 1.30
Average pore (cell) size
[um] 403.75 422.50 446.86 500.25
Average pore (cell) wall
thickness [um] 148.33 117.14 98.57 75.07

It is also clear from this table that the average pore (cell) size increases with
increasing NaCl content in the respective experimental fraction, with
a maximum value of about 500 [um]. Conversely, the average pore (cell) wall thickness
decreases with increasing NaCl in the respective experimental fraction, with
a minimum value of about 75 [um]. Both these values are associated with the fraction
of NaCl in the fraction. Thinner cell walls and larger pore (cell) sizes lead to a lower
density of porous material (aluminium "foams"). Cell wall thickness decreases with
increasing NaCl content in experimental practice. Fig. 2.57 shows graphical stress-
strain relationships for porous aluminium materials made with different NaCl content in
the fraction: Al-ONaCl; Al-20NaCl; Al-40NaCl; Al-60NaCl and Al-80NacCl, left. Fig. 2.57
also shows the graphical absorbed energ strain relationship for porous aluminium
materials produced with different NaCl content in the fraction: Al-ONaCl; Al-20NacCl; Al-
40NacCl; Al-60NaCl and Al-80NacCl, right.
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Fig. 2.57 Compressive stress-strain relationship (left); absorbed energy-strain relationship
(right) in the context of NaCl fraction (Al-ONacCl; Al-20NaCl; Al-40NacCl;
Al-60NaCl and Al-80NaCl) [31]

Fig. 2.57 shows the stress-strain curves obtained by compression testing of samples
of porous aluminium materials made using different NaCl contents. In the course of
observing the stress-strain relationship, the material behaviour can theoretically be
divided into three regions: region | - linear elastic deformation, region Il - more gradual
deformation and region Ill - material compaction. From these stress-strain curves the
compressive strength, yield strength and modulus of elasticity can be determined. The
obtained values of mechanical properties are shown in Table 2-14. As expected, it was
found that increasing the NacCl particle content in the production of porous aluminium
samples significantly decreases the yield strength value. The reference curve of pure
aluminium shows the highest yield strength. As can be seen from Fig. 2.57, the
modulus of elasticity (elastic modulus), which is indicated by the slope of the curve
(stress-strain), decreases with decreasing porosity of the samples, [31]. This
phenomenon is explained by the authors [31] by the fact that elastic deformation can
easily occur at high porosity, resulting in a decrease in elastic modulus. As expected,
the elastic modulus is highest for pure aluminium compared to porous aluminium
samples.

Table 2-14 Mechanical properties of aluminium porous samples [31]

Mechanical properties of aluminium porous samples
Al-NacCl ratio Al-ONaCl | Al-20NaCl | Al-40NaCl | Al-60NaCl | Al-80NaCl

Compressive strength 370.9 27.2 245.7 222.5 197.2
[MPa]

Compressive yield 299.1 176.1 144.4 144.5 134.9
strength [MPa]

Yield Strain [1] 0.004 0.113 0.199 0.354 0.203
Modulus of elasticity 161.3 1.59 0.73 0.41 0.080
[GPa]

If we compare the corresponding values of the quantities between Table 2-8 and
Table 2-14, we can see that some of them are close, some do not correspond at all,
such as the values of the modulus of elasticity for pure aluminium, which are very

different.
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Fig. 2.58 shows a graphical dependence of the absorbed energy as a function of
the NaCl content of the fraction. This figure shows the total energy absorption of the
foams during the compressive strength test. The results were calculated based on the
area under the stress-strain curves, see Fig. 2.57 (left). The porous Al-80 NaCl sample
clearly showed the lowest energy absorption compared to the other porous samples,
with a value similar to that of the pure aluminium sample. In addition, this sample
exhibits a brittle material behavior as shown by the small area under the stress-strain
curve, which is consistent with low energy absorption. As explained by the authors [31],
this trend may be related to the presence of residual NaCl particles in the porous
sample Al-80NaCl, which were not completely dissolved during the dissolution
process. The observation of the authors [31] showed that 1 h of salt dissolution is not
sufficient to completely dissolve the amount of NaCl particles in the porous Al-80NaCl
sample. NaCl is an ionic compound that is brittle due to the rigid interactions between
charged ions that hold the charged particles in fixed positions. As a brittle material, the
remaining NaCl affects the properties of aluminum porous materials. In addition, the
excessive NaCl content caused the cell walls of the porous samples to be too thin and,
thus, weak. Referring to Table 2-14 and the morphological observation of the structure
of the Al-80NaCl porous aluminum sample, it can be seen that this sample exhibits the
thinnest cell wall thickness (75.07um) compared to the other aluminium porous
samples. The weak cell walls of the AI-BONaCl aluminium porous sample did not allow
further loading during the compression test.
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Fig. 2.58 Dependence of absorbed energy on the mass % of NacCl in the fraction [31]

From the authors' publication [31], the finding from mechanical testing that the
compressive stress (stress-strain curve) of the porous aluminium Al-20NaCl sample
was the highest, as shown in Fig. 2.57, is of practical benefit. By observing the
absorbed energy, see Fig. 2.58, which shows that the cellular structures of Al-20NaCl
porous aluminium sample exhibit an energy absorption of 88.52 [MJ-m3], but the
absorbed energy of Al-40NaCl porous aluminium sample is higher, it is 105.82
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[MJ-m3]. The porous aluminium sample with higher porosity, i.e. Al-60NaCl, shows
the highest absorbed energy, which shows an absorbed energy of 113.46 [MJ-m™].
From these values, it is clear what amount of wt. % NaCl should be contained in the
fabricated aluminium porous materials. The research [31] clearly showed that the Al-
60NaCl aluminium porous sample absorbed the highest energy compared
compared to the other samples. This is due to the porosity and cell walls of this
aluminium porous sample in which a more homogeneous pore structure was formed
than other aluminium porous samples, as illustrated in Fig. 2.56. During the
compression of the porous aluminium sample, there was still a phase of cell wall
bending and a subsequent phase of cell wall collapse. A large amount of energy
(absorbed energy) was required for this to occur, and this occurred at a point where
there was a very gradual increase in stress on the stress-strain curve, see Fig. 2.57
(left), as confirmed by XIAO et al. [33]. Therefore, the microstructure of the Al-60NaCl
aluminium porous sample suggests its behaviour for compressive stress and a better

energy absorption behaviour.

Table 2-15 compares the mechanical and physical properties of various foamed

and porous materials.

Table 2-15 Values of mechanical and physical properties of various foamed

and porous materials

Values of the mechanical and physical properties of various foamed and porous systems

Feature Baked CYMAT DUOCEL ALUPOR
bronze (Al foam)
Porosity [%] 30-40 80-98 80-98 55-75
Bulk weight [kg-m] 1000 - 1400
Cell type of porosity Open Closed Open Open
Achieved average pore size
[um] 3-250 200-50000 20-5000 100-5000
Minimum pore diameter [pm] 5 42 25-35 40-60
Compressive strength [MPa] 60-200 5 25 35-109
Young's modulus of elasticity 150 000 1000
[MPa] 200 000 1300 150 up to 4000
Young's modulus of elasticity
[GPa] 150-200 1.3 0.15 1.0-4.0
Coefficient of thermal
conductivity [W-m1.K1] 4.68 5.8 35-50
1.0- 106 3.55.10°
Electrical conductivity [Sm-m™] up to 5.0 1.2-10° 1.4 10° up to
10° 4.78-10°
Coefficient of thermal expansion
[KT] 18.0-10° 23.6-10° 23.6-10° 23.6-10°
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Nowadays, porous aluminium materials, like aluminium foams, find considerable use
in many areas of engineering due to their excellent physical and mechanical properties
(low thermal conductivity, low bulk density, high specific strength, good acoustic
properties and good electrical insulation properties).
The cellular structure of Al foams is required for functional applications such as
filtration, sound absorption, thermal insulation, heat exchange, air and water
purification, and energy absorption. The annex, Table P1, lists companies involved in
the manufacture or provision of metal cellular systems (metal foams).

Table 2-16 shows a selection of some properties of selected aluminium foams.

Table 2-16 Property values of selected aluminium foams

Feature

Aluminium foam marking

ALPORAS

CYMAT
METCOMB

ALULIGHT

Typical product
dimensions [m]

blocks 2.0 x 0.6 x 0.5

panels 1.6 x 1.0 x 0.2

blocks 1.0 x0.5x 0.2

Bulk weight 180 to 240 69 to 540 300 to 700
[kg-m~]

Pore diameter 2t010 3to25 2t0 10
Wall thickness

between pores 50 50 to 85 50 to 100
[um]

Other suitable

alloys for the aluminium and its aluminium alloys zinc alloys
production of alloys only tin alloys

metal foams
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3. PHYSICAL NATURE OF THE FOAMING PROCESS

In this chapter, a rather detailed description of the foaming process for the
production of metal foams "in situ” by feeding gas into the melt from an external source
is given. In addition to the technological aspects, the physical phenomena occurring
in the various stages of the foaming process. These facts are important for the actual
production of the metal foam. At the beginning of this chapter, it is necessary to recall
the basic methods for the production of cellular metallic materials, which can be
classified into four categories according to the state of the metal during foam
production (molten metal, solid metal powder, metal vapour and metal ion methods).
The basic methods that are applied in the current production of metal foams are: direct
melt foaming method from an external gas source, direct melt foaming using gas
released due to thermal decomposition of the foaming agent, remelting of the foamed
metal precursor composite with the molten material, melting of the powder compact
mixture containing the foaming agent.

Fig. 3.1a) shows examples of selected types of cellular systems made with different
technologies.

Cymat PM foam

100 pm

100 pm

Fig. 3.1a) Selected cellular aluminium materials; Cymat: melt fuming with SiC particles with
gas from an external source; ALPORAS: melt with calcium fumed with TiH fuming agent; ;
PM - powder metallurgy, metal powder and TiH fuming agent, are compressed

A description of the physical nature of the frothing process can be made based on
melt gassing from an external gas source. In the foundry equipment, the relevant
aluminium alloy is melted and a certain amount of stabilising agent is added. This
produces a metal matrix composite of aluminium alloy with 10 to 20 vol. % particles of
stabilising agent, which is usually SiC or Al2Os. This is then followed by a transfer to a
froth pan, which has a special design with a built-in rotating device for feeding gas from
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an external source into the melt. The gas is fed into the melt using special nozzles.
The dispersed bubbles rise upwards. Here, they accumulate on the melt surface and
form a foam. The escape of gas from the bubble and its collapse are prevented by
adding ceramic stabilising particles to the melt.

3.1 Physical description of the metallic cellular system

A metal cellular system (metal foam) is a two-component system that is a mixture
of gas bubbles dispersed in a melt of metal. Once the melt has solidified, it is a two-
component system consisting of gas bubbles that are dispersed in the solidified metal,
most commonly aluminium or aluminium alloy. Essentially, it is the dispersion of a gas
in another substance. Metal foam is formed by the bubbling of molten metals through
the gas. Its stability is maintained by adding ceramic particles to the melt before it is
foamed. Fig. 3.1b) shows a schematic of a physical model of a metal foam, indicating
all the elements and laws involved in its formation.

Incompressible molten metal

' Pressure at the melt
bubble interface

Gas bubble Effect of Sievert's law

Capillary forces

Dissolution of
foaming gas

Gravitational force

N

Fig. 3.1 b) Physical description of bubble behaviour in a metal melt
3.2 Physics of the foaming process

Frothing by feeding gas into the melt of the metal (most commonly, aluminium alloy)
- the generation of gas "in situ" is a process that goes through various stages of
development, the frothing process as seen in Fig. 3.1c). At the very beginning, the
expansion starts with the nucleation of bubbles induced by excessive gas supply to the
melt to realize the melt foaming process. This gas is released and dissolved in the
metal melt due to the increase in temperature (or the decrease in external pressure,
which takes place during foaming in the presence of the decomposition of the foaming
agent), increasing the concentration of dissolved gas in the melt. As a result, the gas
contributes to the formation of bubbles in the melt. The amount of gas in the bubbles
increases as their volume increases. During growth, the bubbles begin to interact with
each other. The forces that affect the interaction of the bubbles result from the law of
hydrodynamics and are on. This means that they depend on the expansion velocity
and the viscosity of the melt.
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Fig. 3.1c) Stages of metal foam development (nucleation, growth, thickening and
disintegration, 2D simulation, LBM), according to KORNER [1]

These forces try to deform the bubbles and counteract their surface tension, the
aim of which is to create or restore the spherical shape of the bubble. When the relative
bulk density reaches a certain value, the bubbles turn into foam structure components
and take on more and more of a polygon shape. This process is associated with cell
coalescence, which leads to foam compaction and eventually to foam collapse.

3.2.1 Basic equations for foam development

Foam development is the process of applying the fundamental laws of physics.
Foam is a two-phase system consisting of a gas and a metal melt (according to the
IFM, it is a three-phase system consisting of a gas-metal melt-metal solid phase). Due
to the large difference in gas and melt densities, the dynamics are insignificant and
can be neglected for most practical applications.

a) Hydrodynamics of an incompressible fluid

The hydrodynamics of an incompressible liquid (melt) is given by the Navier-Stokes
equation [1]:

0y "V,=0 (3.1)

1
0o Vas (Vg *05) " 14 =—;6a'p+V'aﬁ2'va+ga, (3.2)

where: p is density of melt [kg-m3], v is velocity, p is pressure, v is kinematic viscosity,
and g is gravitational acceleration (g = 9.81 m-s?).

Equations (3.1) and (3.2) express the law of conservation of mass and momentum.
The solution (NSR) gives the pressure and velocity field in the melt. The gas pressure

pi in the bubble labelled " i " can be determined from the gas equation of state:
i.R.T
pi= " (3.3)
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where: R is the universal gas constant (R = 8.314 J- mol'*-K1), ni is gas mass, T is
temperature [K], and Vi is the volume of the bubble "i" [m?3].

Momentum transfer takes place at the melt-gas interface (region I'). At this phase
interface, the velocity must be the same in both the melt and the gas:

ve (x) = vp (x), forall x eI’ (3.4)
where it means: ve is velocity in gas, Vr is velocity in melt (fluid).

In addition to momentum, a balance of forces must be maintained. The force
exerted by the pressure of the gases contributes to this balance. The gas pressure
force is counteracted by the forces from capillary pressure, melt pressure and the force

due to the viscosity of the fluid (see Fig. 3.2).

Gas Fluid

- &
L -+

Gas pressure Capillary pressure  Fluid pressure Viscous forces

Fig. 3.2 Schematic of the forces and pressures between gas and fluid
in the formation of a gas bubble, [1]

Since the gas is only capable of exerting normal forces but cannot transmit tangential
stresses, the boundary conditions are divided into normal and tangential components:

p—2-p:0p " Vy=p; —2°0"K (3.5)
Op Uy = 0; "V, =0, (3.6)

where: vi, vn are the tangential and normal components of the velocity, p is melt density
[kgm3], 2.0k is capillary pressure [Pa], k is average curvature,
and o is the surface melt tension [N-m1].

Equation (3.6) follows from the absence of tangential stresses. The left-hand side of
equation (3.5) is the normal force exerted by the melt. It is the sum of the pressure and
viscous forces. The right-hand side is the gas pressure, which is reduced by the
capillary pressure 2-0-K.

b) Gas solubility

In addition to the laws of hydrodynamics, gases are also necessary for the
development of foam, such as the gas supply to the melt or the gases obtained from
the decomposition of the foaming agent. In general, we are interested in the ultimate
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solubility of the gas in the melt. According to KORNER [1], the amount of dissolved
gas in the melt is governed by the diffusion equation:

9, C+ vy + 9,C—d, (D3,C)=20Q (3.7)

where it reads: C = C(x,t) is the gas concentration field, D is the gas diffusion coefficient
in the metal melt [m?.s7Y], Q = Q(x,t) is the presence of the foaming gas (or gas obtained
by decomposition of the foaming agent).

Equation (3.7) is a differential equation, and boundary conditions must be
formulated for its solution. Generally, Dirichlet or von Neumann boundary conditions
are used. In the case of foam production, it is convenient to use Dirichlet boundary
conditions where the concentration is given at the gas-melt interface, then the
equilibrium concentration at the interface can be solved using Henry's law:

C(x,r o« p;, (3.8)

where it reads: C(x,t)r is the gas concentration at the melt-gas interface at x location
x and time t; pi is the partial pressure of the gas "i".

The mathematical notation (3.8) should be read to mean that the gas concentration
at the melt-gas interface is equal to some constant multiplied by the gas pressure i:
C(x,t) = k-pi. This is exactly what Sievert's law describes:

C(x,Or=K" p;, (3.9)
where: K is Sievert's constant.

The monitoring of hydrogen solubility due to thermal decomposition of hydride-
based foaming agents (TiHz, MgH2, CaH2, ZrH2) in metal melts, mainly aluminium, in
the production of metal cellular systems (aluminium foams) is presented in the
following section.

In the context of foaming the aluminium melt with a foaming agent using powder
metallurgy, the maximum possible volume of gas released from the foaming agent can
be calculated based on the percentage of the foaming agent that will be released per
kilogram of aluminium:

R'T

V=n —=
p

R'T

— [m?], (3.10)

SE

where: n is the number of moles, T is absolute temperature [K], m is the quantity of the
foaming agent [g], M is the molar mass of the foaming agent [g-mol?], R is universal
gas constant (R = 8.314 J- mol'*.K], p is pressure (most often p = 101 325 Pa); V is
volume of the released gas [m?].
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For the production of aluminium foam by powder metallurgy, 0.5 to 1 wt. % of
foaming agents is used. The gas volume using 1 % wt TiH2 can be determined
according to equation (3.10) by substituting the necessary values, which are m =10 g,
M = 49.91 [g- mol], R = 8.314 J- mol1.K%, p =101 325 Pa, T = 933 K, i.e. the melting
temperature of aluminium. The maximum possible volume is 1.534-102 [m3]. The
volume Vs[m3] of 1 kg of aluminium can be determined by calculating 1/2700 = 3.70-
104 [m3], 1 kg of aluminium and the specific gravity of aluminium is 2.700 kg-m-3.
Based on these calculations, the relative density of aluminium foam can be determined:

Vs

prer = 5 [1], (3.11)

V+Vs

where: Vs is the volume of the solid phase of 1 kg of aluminium
(Vs = 3.70-10*[m®], V is the volume of gas [m®], which is given by the percentage or
mass of the foaming agent.

pP" = PreL " Ps (3.12)

where: p* is the volumetric mass density of the produced foam [kg-m]; preL is relative
volumetric mass density [1], and ps is the density of foamed material
[kg-m~].

The thermal decomposition of the foaming agent results in a steady increase in the
hydrogen concentration due to the lack of hydrogen transport to the surfaces of the
precursors (foaming masses in the production of aluminium foams), leading to
hydrogen supersaturation of the melt. When the critical hydrogen concentration is
exceeded, heterogeneous nucleation occurs in aluminium, which is the basis for the
aluminium crystallization mechanism. Crystallization nuclei are formed almost
immediately after the foaming process starts. The subsequent increase in porosity is
obtained by pore growth, which is a consequence of the presence of gas in the pores.
Hydrogen in aluminium for thermodynamic equilibrium in Fig. 3.3,

The solubility of hydrogen in aluminium is determined by thermodynamic equilibrium.
This is quantified by Sievert's law. Sievert's law relates the partial pressure of hydrogen
pH2 and the dissolved hydrogen S (solubility) in aluminium:

S = Ks(T) * PH2s (3.13)
where: S is the solubility of hydrogen [cm® H2-(100 g Al)Y]; Ks (T) is the equilibrium

constant for the given metal [cm? H2-(100 g Al)1-Pa¥/?]; pnz is the partial pressure of H2
in the surrounding gas atmosphere [Pa].
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Fig. 3.3 Dependence of hydrogen solubility in aluminium on pressure and temperature
according to LUTZE [4]

The solubility constant Ks is different for liquid and solid aluminium. The solubility
coefficient of hydrogen Ks, which is a function of temperature, can be determined. The
values are different for solid and liquid aluminium as reported by TALBOT [10], based
on the following equations:

Coefficient of solubility of hydrogen Ks in liquid aluminium:

760

K (T) = 1007 +2768) (3.14)

Hydrogen solubility coefficient Ks in solid aluminium:

K (T) = 10© SF1.399) (3.15)
By substituting into equations (3.14) and (3.15), for an aluminium temperature of

1000 K (727 °C) it can be determined that Ks (T) for the melt is 1.02 and Ks (T) for the
solid state is 0.066.

The solubility of hydrogen in the aluminium melt in the production of aluminium foam
can be determined by the equation:

(%) = K (T) - (%)1/2’ (3.16)

where it reads: C is the concentration of hydrogen in aluminium; C° is the concentration
or volume of atomic gas under standard conditions, T = 273 K, p°® = 101325 Pa,
Ks is the coefficient of solubility of hydrogen in aluminium, C°=(1/100) [cm3.g}], i.e.,
the volume of atomic gas that falls per 100 g of metal.
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The square root in equation (3.16) affects the compensation of interstitially

dissolved hydrogen atoms with H2 molecules at the gas-phase/melt interface
(in this case, aluminium). Under normal hydrogen pressure (pr2 = p°), the equilibrium
concentration approaches 0.77 (0.85) cm?® /100 g, i.e., 7.6-10* [mol-kg?] = 1.8- 103
[mol-I'Y], at 700 °C (973 K).
The comparison of hydrogen stored in TiH2 with dissolved hydrogen at equilibrium is
very small. Examining the above calculation using equation (3.10), about 1.5 % of the
hydrogen is dissolved in the aluminium. The outer surfaces of the precursor may have
a significantly lower hydrogen value depending on its partial pressure in the
atmosphere and its concentration around the TiH2 particles.

The solubility of hydrogen in aluminium and its alloys is variable and depends on
the temperature of the alloy, the chemical composition and the partial pressure of
hydrogen in the surrounding atmosphere. The amount of dissolved hydrogen is
determined in units of cm? per 100 g of metal. This value of 1 cm?3 per 100 g of metal
corresponds to a concentration of 0.9 ppm. Aluminium and its alloys show a significant
difference between the solubility of hydrogen in the solid and liquid state. As reported
by ROUCKA [7], in the solid state at 660 °C, the solubility of hydrogen in Al is only
0.036 cm?/100 g.

In molten aluminium at 660 °C, the solubility of hydrogen is 0.77 cm3/100 g, which is
about 20 times higher. Other authors, e.g. AMBRIZ [8], report a value for the maximum
solubility of hydrogen in aluminium of 0.69 cm?3/100 g (see Fig. 3.4 left).
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Fig. 3.4 Solubility of hydrogen in pure aluminium according to AMBRIZ [8] (left),
According to KOUKAL [9], right

The temperature dependence of the hydrogen solubility in aluminium at a pressure
of 101325 Pa can be obtained by applying the van't Hoff isobar as reported by
KALOUSEK [11]:

d(logKs) __ AH°
o= o (3.17)
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where it reads: AHC is the difference in the standard enthalpy of solubility of hydrogen
in the aluminium melt [J-mol]; T is temperature [K]; Ks is the equilibrium constant of
hydrogen in the aluminium melt.

Based on the ratio of the respective equilibrium constants and the solubility of
hydrogen in liquid aluminium and the solubility under equilibrium conditions, one can
write:
Ks _ S

s (3.18)

K0 SO

By integrating the van’t Hoff isotherm equation (3.16) and using equation (3.17), we
can write:

AHO

IOgS: - E-FC, (319)
where it reads: C is the integration constant.

The change in the standard enthalpy of solubility of hydrogen in molten aluminium
AHO is considered to be independent of temperature. Table 3-1 shows the values
required by various authors as reported by LIU [20] for the calculation according to
equation (3.19).

Table 3-1 Values for calculating the solubility of hydrogen in aluminium according to
different authors

Calculation of hydrogen solubility in aluminium by various authors
HO
log$ = — RT +C
AHO Constanta SO Reference Sample Used
C gas weight Reference
[kcal-mol?] [kJ-mol?] [1] [ml/100g] [1] [a]
5 365 22.45 2.72 0.881 helium 100 TALBOT [14]
5067 21.21 2.62 0.998 helium 100 OPIE and
GRANT [13]
5484 22.95 2.80 0.911 neon 30-40 RANSLEY and
NEUFELD [12]
5921 24.78 3.07 1.026 argon 300 LIU [20]

The work of RANSLEY and NEUFELD [12] in 1948, for the determination of the
solubility of hydrogen in pure aluminium, was the basic work of this research. In 1950
OPIE and GRANT [13] concluded that the solubility of hydrogen in aluminium is given
by a general equation:

logio S= — 2+, (3.20)
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where denotes: S is the solubility of hydrogen in aluminium [cm2 per 100 g of metall;
A is constant, which represents the enthalpy of hydrogen solution in liquid or solid
aluminium; C is an integration constant.

Table 3-2 shows the values for the calculation of log S according to different authors.

Table 3-2 Equations for determining the solubility of hydrogen in both molten and solid
aluminium

Values in the equation for determining the solubility of hydrogen in both molten and solid aluminium
logys§ = —é+ c Enthalpy of
10 T solubility Method Year of Reference
Constant A | ConstantC | AH [J-mol?] publication
Hydrogen in liquid aluminium
2760 2.796 52 840 Sievert 1948 RANSLEY and
NEUFELD [12]
2713 2.528 51 940 Rapid 1967 GRIGORENKO
quenching et al [16]
2980 3.070 57 050 Sievert 1995 LIU et al [20]
Hydrogen in solid aluminium
2080 0.788 39820 Sievert 1948 RANSLEY and
NEUFELD [12]
3300 2.105 63 180 Saturation 1968 EICHENAUER
and extraction et al [15]
3340 2.220 63 940 Vacuum solid 1979 ICHIMURA
extraction etal [19]

Note: S is the solubility of hydrogen under standard conditions per 100 g of melt
in cubic centimetres.

Equilibrium hydrogen concentrations are found roughly at the pore interface, which
neglects the bubble surface tension as implied by the theory of bubble formation in
molten aluminium. The outer surfaces of the precursor can be much lower according
to the partial pressure of hydrogen in the atmosphere, and the concentration around
TiH2 particles can be remarkably increased due to the continuous release of gas.
These pressure gradients cause the dissolved gas to diffuse into the pores and
atmosphere. The controlling factor is the diffusion coefficient:

D = D, -exp (— %) [m?-s71], (3.21a)
where it reads: Do is diffusion frequency factor [m2.s], AH is the activation energy of
diffusion [J- mol], R is the gas universal constant (R = 8.314 J-mol'*-K?), and T is
diffusion temperature [K].

The values for calculating the diffusion of hydrogen in aluminium are given in
Table 3-3. The interaction of the straining agent on the diffusion length can be
determined from Eq:

where it reads: D is the diffusion coefficient [m?.s], and t is diffusion time [s].
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Table 3-3 Values for calculating hydrogen diffusion in aluminium

Values for calculating hydrogen diffusion in aluminium
Metal D frequency factor Diffusion activation
for hydrogen valueg [m s ]%1 energy HA Literature
diffusion [J- mol?t],
Liquid aluminium 3.8-10° 19 260 EICHENAUER and
MACROPOULOS [5]
Solid aluminium 1.1- 10° 40 950 EICHENAUER et al. [6]

For a temperature of 700 °C, which is the existing temperature of the aluminium melt
(660 °C and superheating), the diffusion coefficient is D = 3.51- 10”7 [m2.s1].

3.2.2 Gas bubble formation in molten metal

When observing the formation of a bubble in a melt, the analogy of the formation of
an isolated gas bubble in water can be learned. The view presented of an isolated
bubble in water is a simplified picture, but the formation of foam bubbles in a melt can
be imagined as a combination of the interaction of individual gas bubbles.

a) Bubble expansion in a viscous liquid

A simplified view of the behaviour of an isolated growing bubble in a liquid is often
used to gain a first understanding of expansion, especially of polymer foams [1]. The
evolution of bubbles in the environment vicinity of a gas source adapted for metallic
ALPORAS foams has been studied [36]. The physical-mathematical description of gas
bubble growth is very complicated. The process depends on diffusion, momentum and
mass balance. After introducing a complete system of equations, asymptotic solutions
for simplified growth with limited applications are presented in this section. An isolated
spherical bubble is considered an infinitely extended incompressible Newtonian fluid
(the behaviour can be described by the law of viscosity) with constant viscosity. Gravity
is neglected here. The dissolved gas forms a bubble due to thermodynamic equilibrium
at the gas-melt interface and due to diffusion. The system is isothermal and the
physical properties remain constant. Then, the continuity and momentum equations
must be combined in spherical coordinates to the Rayleigh equation, according to
THIESE [29]. According to the research of KORNER [1], bubble expansion may be
suppressed by viscous, capillary or inertial forces during foam production (e.g. Integral
Foam Moulding). This can be based on experience. For example, if a heated bottle of
mineral water is opened, the formation of gas bubbles is very rapid. It is also expected
that gas bubbles will develop very quickly, e.g. within
a fraction of a second. The viscosity of the semi-liquid metal plays an important role
during the solidification of the melt in the production of metal foam, which is much
higher compared to a completely liquid melt. In addition, the surface tension of metals
is also about ten times higher than that of water.

In her investigations of the melt foaming process, KORNER [1] studied the effect

of relevant pressures on the gas bubble. In doing so, she considered the expansion
kinetics of an isolated bubble having a radius R. The bubble was observed in an
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infinitely expanded incompressible liquid with viscosity and under pressure. The high
symmetry of this problem allows the introduction of spherical coordinates, thus
reducing the governing Navier-Stokes equations (3.1) and (3.2), to the so-called
Rayleigh’s equation according to KORNER [1], which describes the time evolution of
the bubble for radius R, using the first and second derivatives:

QU

_drR_ 5 _d°R
R = PR R = PR (3223)
The notation of the Rayleigh’s equation according to THIESE [29]:
. 3 . R 2
R-R+ 3R +4v-2 = (pe —po—22) /p, (3.22b)

where: R = R(t) is bubble roundness growth function, v is kinematic viscosity,
pc is the gas pressure in the bubble, p- is the melt pressure on the bubble, o is melt
surface tension, and pis the melt density.

The notation of the Rayleigh’s equation according to KORNER [1]:

R-R-p+;R2-p+4-v-p-g+%a=Pi—Po; (3.23)

where: pi is bubble pressure; po is atmospheric pressure.

The individual terms in equation (3.23) define these pressures:
Inertial pressure:

R-R-p+ ;RZ-p;
Viscous pressure:

R
4 A p . E’
Capillary pressure:
20
?F
Bubble overpressure:
Pi — Po-

Comparing equations (3.22b) and (3.23) in this notation, they are identical, but
THIES in his paper [29] gives the multiplication on the right-hand side p.

The Rayleigh equation essentially expresses the balance between inertial, viscous
and capillary forces that prevent the bubble from expanding. The important parameter
is the overpressure inside the bubble. The question is what is the dominant position of
the inertial, viscous or capillary forces. If they do, then they inhibit the expansion of the
bubble. If not, then the inertial and viscous forces on the left-hand side of equation
(3.26) are very small, and a balance between bubble pressure, external pressure and
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capillary pressure can be assumed. In metal foam production, these forces depend on
the material and also on the process parameters of the foaming process.

To estimate the pressures, it is necessary to assume that the temporal increase in
the volume of the bubble V is proportional to its area:

av

== V=4 m-R? -Z—’;, with the condition R = % = konst. (3.24)

Under this assumption, the time tr necessary to reach the final bubble radius Rt is
given by:

tr =L (3.25)

Fig. 3.5 shows the graphical dependence, according to equation (3.23), of the so-
called inertial viscous and capillary pressure for a gas bubble (bubble velocity R =
0.0025 m-s'%; kinematic viscosityv = 0.001 m?-s'%; surface tension of the aluminium melt
o = 0.8 N-m%; density of the aluminium meltp = 2400 kg-m-3), which propagates in the
aluminium melt. A bubble velocity of 0.0025 m-s* corresponds to the evolution of
a bubble with a radius of 500 ym (0.5 mm) during a time instant of 0.2 s.
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Bubble velocity: R* = 0.0025 ms™; kinematic viscosity: v=0.001 m?.s™*; surface tension of
the aluminium melt: o= 0.8 N- m™; density of the aluminium melt: p = 2400 kg-m 3,
14 m =0.001 mm, [1]

Fig. 3.5 Pressure dependence during expansion of one bubble in an aluminium melt
It is also possible to observe the effect of the diffusion process on the growth and
expansion of the gas bubble in the viscous melt. The dissolved gas in the melt diffuses

into the bubble at thermodynamic equilibrium at the gas-melt interface. The diffusion
is described by the equation:

dcc+u-d,c==09,(r?d,c), (3.26)

123



where: ¢ is concentration; D is diffusion coefficient [m2-s]; u is radial velocity (u = R -
R?/r?).

Equation (3.26) is valid for the condition r > R. The following equation solves the
stability relation of the mass on the bubble surface:

wGomn R) =4 R0 () (3.27)

where: Vm is the molar volume of the ideal gas (Vm =RT/p° ); c is concentration
[mol-m-3].

Equations (3.28) and (3.29) depend on the initial and boundary conditions. Thus, for
example, R(0) = Ro or 0; R(0) = 0; ¢(r,0) = ¢(=,t) = c=; ¢(R,t) = cr is given by Sievert's
law (3.16).

As stated by THIES [29], surface tension can only play a significant role
in the early stages when the bubble is very small. This is when the factor 26/(R pox )
is large. The solution simplifies when a stationary diffusion process is assumed. Also,
the concentration away from the bubble remains constant, cwo, then equation (3.28)
gives a solution of the form c (r) = ki /r + k2. Using the boundary conditions, the
constants ki, k2 and the concentration gradient (dc/dr)r=R =(c~ -crR)/ R=cA/R.
For the radius R, one can write:

R(t) = \J2-ca- VD -t + R (3.28)

According to [1], the parameter 3 can be introduced the symptotic solutions is set
as follows.\/1/2-c,*V;, = 0. If B >> 1 the following approximation can be written:

R(t)EZ-\/%-cA-Vm-\/D-t+RO (3.29)

For the foaming process, according to [1], in the production of metal foams, the
following values can be used, the temperature of the aluminium melt is 700 °C + 273
= 973 [K]: Vm = RT / p® = 8.314 - 973 / 101 325 [m3mol?'] = 0.08 [m3mol];
ca =7.6-10* [mol-kg™] = 2.4-10° [kg-m-3] =1.9 [mol-m3] assuming a supersaturation of
approximately one atmosphere in a 700 °C aluminium melt. The parameter § is about
0.3, which is, unfortunately, in the middle of the two asymptotic solutions. The result of
the calculation according to [29] is:

R(t) = 3,2-107*/t/s[m] for the equation (3.28),
R(t) = 1,7-107*/t/s[m] for the equation (3.29).

124



For example, calculating a bubble of size about & 1 mm, its evolution takes 10 to
35 s, depending on the chosen equation. Actual melt-foaming times range from a few
seconds to several minutes, depending on the chosen heating rate. In the powder
metalurgy-based foaming process, hydrogen is usually continuously supplied to the
melt by the decomposition of TiHz. It should be added that the temperature of the
process affects the decomposition of TiH2 and, consequently, the hydrogen
concentration in the melt. The value of the hydrogen concentration at the bubble
surface is a fundamental parameter for bubble growth.

The equilibrium of a spherical bubble is based on equation (3.23). The behaviour of
the bubble in the melt can be evaluated based on Laplace's law according to THIESE
[29]:

pe—p=o k=7, (3.30)
where: pc is the gas pressure in the bubble; pL is pressure in the melt; o is surface
tension at the interface of the melt-gas systems (the surface tension of molten
aluminium is 0.9 N-m?); 2/R is local curvature of the bubble, k is constant, resp.
resistance, which results from the average local curvature (in the case of equal radii);
pi is pressure in the melt, which consists of hydrostatic pressure (p+ = h-p-g) and
atmospheric (or ambient) pressure po (po = 101 325 Pa).

The melt pressure pv. is calculated based on hydrostatic pressure and atmospheric
pressure:

pL="h-p-g+ po, (3.31)

whe: his the distance between the centre of the bubble and the atmosphere (i.e. to the
surface of the melt), g is gravitational acceleration 9.81 m-s?, po is atmospheric
pressure (101325 Pa or 10° Pa).

Substituting equation (3.31) into equation (3.30) gives the relationship for
calculating the pressure in the bubble.

20

pe—(h-p-g+ py) = — (3.32a)

R’
e = ==+ (h-p-g+ po) (3.32b)

Based on equation (3.32b), the pressure in the bubble can be calculated
informatively for the following values of the quantities: po= 101 325 Pa; h = 0.1 m;
6=0.9N-m?%; R=10 um =1.0-10° m; p = 2400 kg-m-2 (density of the aluminium melt).
The result of the calculation of pc is 283679 Pa (283.7 kPa). Of this, the internal
pressure of the gas in the bubble is 180,000 Pa (180 kPa), the hydrostatic pressure is
254 Pa (254 kPa), and the atmospheric pressure is 101,325 Pa (101.4 kPa). At the
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beginning, when the bubble nucleus is formed, there is a value of R on the order of
about

R =10 um. The effects of surface tension contribute significantly to the formation of
a gas bubble. The hydrostatic pressure is, in comparison, compared to the ambient
pressure. However, it is responsible for the buoyant force acting on the bubble. Under
stationary conditions, the buoyancy force is given by Stoke's law, and the velocity of
bubbles in the melt is given by equation (3.35).

b) Bubble exposed to gravity

The bubbles quickly dissolve in the liquid. This effect can be caused by a density
gradient (e.g. during IFM Integral Foam Moulding), see Fig. 3.6b).
In the following, a single gas bubble is observed in the infinite melt space. The bubble
rises against the pull of gravity and eventually reaches a stationary velocity
v, where the gravitational force is balanced by the buoyant force. If the deformation of
the bubble is negligible, the stationary rising velocity v results from the balance of force
between the gravitational force given by Stokes's law and the buoyancy [32]. The
stationary velocity v for the emergence of an air bubble to the surface of the melt can
be derived by assuming that forces are acting on the gas bubble:

a) buoyant force of the bubble - Fvz;
b) resistive force of the bubble - Fop

Fig. 3.6a) Schematic of the forces acting on a bubble of radius R

Fyz=Vg "px '8 (3.33 a)
Fop = 4 -m-R-1n-v, (3.33 b)

where it reads: R is the radius of the gas bubble [m], n is the dynamic viscosity of the
melt

[Pa- s; kg-st-m], v is velocity of the gas bubble escape to the melt surface [m-s];
Ve is the volume of the air bubble [m?], assuming the air bubble is spherical then
Ve = 4/3-1-R3; pk is the density of the melt being gassed [kg-m3], g is the gravitational
acceleration [m-s?], and v is the kinematic viscosity of the melt [m?2.s], v =n /p.

lllation of the (stationary) velocity of the air bubble in the melt under the conditions
Fvz - Foo =0, i.e. Fvz = Fop:

Vg 'pk 'g=4 -m-R-n-v (3.33¢)
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(3.33d)

The quadratic dependence of the bubble radius to determine the stationary velocity
clearly shows that a small bubble radius contributes to a smaller stationary velocity.
Conversely, a large value of kinematic viscosity also contributes to a lower value of
stationary velocity.

Fig. 3.6b) Schematic of a bubble exposed to gravity and illustration of the foam formed
(2D - LBM simulation), according to [1]

If the bubble velocity satisfies the assumption of equation (3.33d), the bubble
distance d can be determined:

tf tf g g . g

d=["v(R®) dt= [ - R?-dt == ‘R%-t} = P -R? -ty (3.34)
R =Rt; R = konst., assumption Rf=0.5 mm; dynamic viscosity of the aluminium melt:
n = 0.001 [Pa-s], the kinematic viscosity of the aluminium melt is 0.001/2300 = 4.35-10°
"m2st tr=0.2's; g = 9.81 m-s?; distance: d = 5.45-10° m, i.e. 0.0545 mm, (density of
molten aluminium: p = 2400 kg-m3).

THIESE [29] gives an essentially analogous relationship for determining the bubble
velocity according to Stokes' law:
v=c-92% (3.35)

v

where: v is the kinetic viscosity of the melt; C is a factor depending on the bubble
surface; C = 1/3, i.e. for a bubble moving in the melt. If C = 2/9, then the motion of the
solid particle in the melt is solved.

In a melt of pure aluminium, the kinematic viscosity is v = 6-107 [m2.s™] at 700 °C
[43]. The viscosity value depends on the melt temperature. If the melt temperature
increases by 100 °C, the viscosity value decreases by 20%. This means that at
a temperature of 800 °C, the viscosity of a pure aluminium melt will be about
v =4.810" [m?-s].
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A spherical bubble with a size of & 50um, that is, a volume of 20 833 [mu3], moves
with a velocity v of 10 mm-s* (v = 0.01 m-s?).

c) Interaction between bubbles

The primary interaction between bubbles is the result of hydrodynamic forces
produced by the velocity field, which is induced by the motion of the bubbles or their
expansion. As a result, bubbles deform, but capillary forces try to restore the spherical
shape of the bubbles due to the minimization of surface energy.
Transient gas cell walls, the simplest situation of two expanding bubbles, is shown in
Fig. 3.7. This fig. also shows the evolution of transient cell walls. Transient cell walls
result from the rapid expansion of bubbles, which brings the system into equilibrium to
form a round bubble. Transitional cell walls evolve dynamically and are intrinsically
unstable; that is, they disappear if the system takes a long time to reach an equilibrium
state.

Transient cell wall

--100100/00

Fig. 3.7 Schematic of the interaction between two bubbles and the evolution of the transition
cell wall, left: 2D-LBM simulation (white is the bubble, grey color around indicates the velocity
field; small velocities are indicated by light grey color, large velocities are indicated by dark
grey color); right: there are two gas bubbles in solidified magnesium, AZ91 alloy, KORNER
transition walls, [1]

The conditions in the melt for asymmetric bubble growth and the bubbles become
increasingly deformed as they expand. The magnitude of this effect depends on the
surface tension of the melt, the viscosity of the melt, the growth rate and the size of the
bubbles.

Fig. 3.8 shows a schematic of the capillary forces in the transition wall of a gas bubble (cell).
The pressure difference between the cell walls and the plane edges leads to a rapid thinning
of the cell wall (overpressure is indicated by + (plus); under pressure is indicated by - (minus),
[1]. Capillary pressure differences lead to overpressure in the walls and low pressure
at their boundaries. Low pressure leads to rapid thinning of the cell wall and eventually
to cell wall rupture. In the production of metal foams, the melt will rearrange under the
influence of capillary forces. The formation of transient cell walls is an important
mechanism in the formation of the resulting metal foam.

In principle, it should be possible to produce highly porous, foamed metallic structures
without the formation of transient cell walls.

For this reason, it is important to address the durability of transient cell walls in the
production of metal foams.
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Gas

Gas

Fig. 3.8 Schematic of capillary forces in the transition wall of a gas cell; the pressure
difference between the cell walls and the edges of the planes leads to a rapid thinning of the
cell wall (overpressure is marked + (plus); pressure is marked - (minus), [1]

The solution of the durability of cell wall transitions was performed by KORNER [1].
She performed the calculation using a simple cell wall model. If Rpi denotes the radius
of curvature of the cell surface, then the pressure difference Ap between the surface
boundary and the cell wall can be determined:

Ap = = (3.36)

Rpl’
where: ¢ is surface tension; Rp is the radius of curvature of the bounded area.

Cell wall thinning rate d is defined according to [21], and at the same time, the relation
(3.36) can be substituted after p.A

d = 2-d3-Ap _ _ 2:d3c (3.37)

3'1’]'R2 3'77'R2'RPI’

where: R is the curvature of the surface projection of the bulb; n is the dynamic viscosity
of the melt; Ap is the pressure difference between the wall and the volume, which is
defined by the capillary pressure, its calculation is according to equation (3.36).

The integration of equation (3.37) gives the time t, which is the thinning time of the
cell wall. In doing so, some stability of the cell wall thickness is still maintained even
though the cell wall thickness changes from an initial thickness di to a final thickness

ds:
t= 3'77'R2'RPI ) L_L < 3'77'R2'RPI iz
40 df

4q az  a? (3.38)

By plugging the specific data into equation (3.37), the observed time t can be
calculated.
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Reference [1] suggests a calculation with the following values given: ¢ = 0.8 N-m?;
n=v-p; p=24g-cm?(2400 kg-m=); Rei = 100 pm; R = 250 ym; dir = 10 ym. The wall
thickness thinning time given by KORNER [1] is t< 10 s.

Based on the above, our wall thinning calculation was performed, according to
equation (3.38). The following values were used for the calculation: surface tension of
the aluminium melt o = 0.8 N-m'%; dynamic aluminium viscosity n = v- p = 1.44.103
[kg-m1.s71]; kinematic aluminium viscosityv = 6-:107 [m?-s1]; density pure aluminium
melt p = 2400 kg-m3; Rpi = 100 ym (Rpi = 0.1 mm = 0.0001 m), R = 250 ym (R = 0.25
mm = 0.00025 m); di = 10 ym (df = 0.01 mm = 0.00001 m).

. 3-1,44-1073-6,25-1078-1,0-107* <844-10-5s: to i t <1074
4708 1o 1010 , S, to je cca

This result shows that cell wall thinning is a very rapid process. The thinning time is
so short that the development of extensive straight cell walls requires additional
stabilization to reduce thinning. However, when the viscosity is strongly increased, e.g.
by three orders of magnitude, that is, in the case of solidification, as reported by [1],
the cell wall thinning time approaches the same time scale as the entire foaming
process. Thus, the short production time of the metal foam, combined with the
increased viscosity during melt solidification, has the potential to promote the formation
of transient cell walls without further stabilization. This is probably the reason why
stabilizing agents must be used during foaming.

3.3 Theoretical Basis for Stability Description of Metallic Cellular Systems

From a theoretical point of view, there is no universal description of foam stability,
as stated by KORNER [1]. Initially, it was assumed that the stability of the foam was
due to adsorbed surfactants that affected the mechanical-dynamic properties of the
surface layer. The first approaches to explain foam stability were based on the idea of
Gibb’s and Marangoni, who started from the idea of the importance of viscosity and
surface elasticity. However, these early theories failed to explain the high stability of
the formation of thin films in the cell wall of metal foam. This issue was addressed by
Russian researchers in the middle of the 20th century, and the influence of static
disjoint pressure induced by intermolecular forces was studied. At the same time, it
became clear that it was necessary to distinguish between the dynamic and static
stability of the foam. Dynamic stability is generated by forces that develop, for example,
during viscous tension, whereas static stability includes all mechanisms that generate
static forces, such as electrostatic repulsion. Particular emphasis must be placed on
the role of solid particles with replication on foam stabilisation. The stability of metallic
foams has been controversially discussed in the literature, but a definitive, generally
acceptable stability theory is still lacking, as reported by [1].
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The following section summarizes the main aspects of metal foam stabilization, to
which is the mechanism of the barrier effect caused by particles enclosed in
cell walls contribute [22]. For different foaming methods, the particles act as a barrier
that supports the foam formation mechanism. They can be either solid particle (fragile
mesh or endogenous particles). Their barrier effect always induces an uncoupling
pressure, which is responsible for foam stabilization. This realisation is the basis for
explaining the stabilisation of foam produced mainly by IFM (Integral Foam Moulding).
The first studies to reveal the mechanisms of metal foam stabilization were focused on
monitoring the importance of the viscosity and surface tension of the melt [23]. High
melt viscosity values retard cell wall thinning and thus have a positive effect on foam
durability. It has been confirmed that the stabilization of metal foam is closely related
to a high melt viscosity value [24]. This idea was supported by several experimental
observations [23], [24]. Fig. 3.9 shows aluminium foams; the top part is the cell
structure of the foam, and the bottom part is the cell wall. On the left is foam produced
by direct frothing of melt containing SiC particles, [26]; on the right is foam produced
by powder metallurgy using TiH frothing agent2 [27].

Fig. 3.9 Aluminium foam, top is the cell structure of the foam, bottom is the cell wall; left: is
foam produced by direct frothing of melt containing SiC patrticles, [26]; right: is foam
produced by powder metallurgy using TiH frothing agent. [27].

During the process, for example, calcium is added to the aluminium melt and stirred
for several minutes until the viscosity reaches a certain value that is 3 to 4 times higher
than the initial viscosity. Subsequently, a foaming agent in the form of TiH2 is added.
The quality of the resulting metal foam is very sensitive to the viscosity of the melt [25].
Another example is aluminium foams reinforced with SiC particles [26], see Fig. 3.9.
These foams are produced by gas injection into a composite melt of a metal matrix.
The particle size typically ranges from 5 to 20 um.

If the particle volume is too low, the gas injected into the melt contributes to the
disappearance of bubbles in the upper parts of the melt. Achieving a stable foam is
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only possible when the volume fraction of SiC particles is sufficiently high, which is also
supported by a high melt viscosity value.

The basic characteristics of metal foams are closely related to the following criteria:
High stability - in general, the metal foamed mass is stable. Foams produced by various
methods can be kept in a liquid state for more than one hour without changing their
internal structure [22]. On the other hand, real-time X-ray diffraction reveals that cell
wall rupture processes take place within 50 ms [28]. These properties are characteristic
of stable foams, where their stability is mainly due to the static interfacial force, [1].
Thick cell wall foams, typically metal foams, exhibit thick cell walls of about 101 to 102
pMm (0.101 to 0.102 mm), see Fig. 3.9. The cell walls contain a relatively large volume
fraction of material.

The critical cell wall thickness of PM foams (foams produced by powder metallurgy)
depends on several circumstances. During the production of metallic foams based on
powder compacts (PM foam), cell coalescence processes take place throughout the
expansion process [28].

Wall rupture occurs when the walls have an average thickness of 50 pm
and thinner cell walls are even more unstable.

Special cell wall foams, which are often typical of metallic foams, exhibit strong and
irregular thickness changes along the cell walls [22], see Fig. 3.9. These walls are
highly unstable. This instability is also influenced by the capillary forces manifested.
Non-ideal but stable cellular structures are cellular structures that are far from
thermodynamic equilibrium if we assume that the surface energy of the structure must
be minimized to produce foam, see Fig. 3.9. Cell wall mobility and boundaries exhibit
planar formations and are very attenuated.

As stated by KORNER [1], the relationship between the mean cell diameter D
and the phase ratio @:

Dx@=——1, pro® > 1, (3.39)

PREL

where: preL is the relative density of the foam.
Mean cell diameter D and phase ratio are correlated [22].
3.4 Dynamic stabilization of cellular systems by surfactants

The thickness of the gas cell walls (cell walls) is closely related to the surfactants
that are absorbed in the melt-cell wall interface. These surfactants control the
mechanical-dynamic properties of the surface layer, which exhibits surface elasticity
and surface viscosity. Surface viscosity affects the relaxation rate of applied external
stress, while surface elasticity is a measure of the energy stored in the surface layer
due to surface tension. One of the effects of surfactants is to retard cell wall thinning
by increasing surface viscosity [2] and surface elasticity. High concentrations of
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surfactants, polymers or particles on the surface cause high adhesive or cohesive
bonding which increases both surface viscosity and surface elasticity see Fig. 3.10.

Cohesive action

Surfactant Polymer Particles

Gas Gas Gas
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Gas Gas Gas

Fig. 3.10 Schematic of the effect of different types of surfactants acting at the melt-gas
interface. Mixed surfactant system (left); polymer influence (centre); particle influence (right),
after LANGE, [2].

According to [2], the effect of surface viscosity on the rate of cell wall thickening can
be explained as follows. For high values of surface viscosity, the two adsorption layers
behave almost like rigid membranes and are unable to follow the vertical motion of the
liquid. In this case, the "drainage" between the solid walls follows the rules for the liquid.
If the surface viscosity is low, the absorption layer is mobile and can eliminate the
movement of the liquid. The starting point for cell wall rupture is a local thinning of the
wall (film-like thinness). This thinning must eliminate stabilizing forces. Theories
describing stabilization have been described by Gibbs and Marangoni, and reference
is made in reference [3]. Gibbs describes the fact that local thinning of the film also
leads to a local reduction in the surfactant representation. Fig. 3.11 shows a schematic
of the Gibbs-Marangoni mechanism of dynamic foam stabilization (a) the original state
of the thin film; b) the higher local surface tension due to local thinning of the layer; c)
the difference, resp. Surface tension gradient that pulls surfactant molecules into the
thinned section; d) surface film repaired by surface transport mechanism). The surface
tension gradient induces forces that are affected by the surfactant concentration.

If the surfactant concentration is too low, the induced force is also low. At very high
surfactant concentrations, the result is maximum foam stability as a function of
surfactant concentration, [2] and [3]. In addition to the forces induced by the surface
tension gradient, there is another effect that is attributed to Marangoni. When the
surfactant concentration is locally reduced, inhomogeneously dispersed solids move
over the surface.

a) b) c) d)

bl bl Looo"y."‘.oooo oooo.-";."'. eeoo ‘l*‘*i“l*‘

— > —

PETPRTTIITTS  rrredlreree rrTTRTARYT rerrrerTess
Fig. 3.11 Schematic of the Gibbs-Marangoni mechanism of dynamic foam stabilization, a)
original state of thin film, b) higher local surface tension due to local thinning of the layer, c)
difference or gradient of surface tension pulls surfactant molecules into the thinned section,
d) surface film corrected by surface transport mechanism
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As a result, the thin liquid film near the surface is transported due to viscous tensile
forces. Thus, a current is present near the surface from regions of low surface tension
(high concentration) to regions of high surface tension (low concentration). As stated
by KORNER [1], it is important to keep in mind that both Gibbs and Marangoni effects
are not sufficient to explain the existence of stability of foams where the thickness of
the cell walls is more or less constant. This means that both effects only characterize
the wall behavior of transient foams. These effects are not able to explain the stability
of permanent foams.

3.5 Stabilization of cellular systems foam by static forces

A prerequisite for the development of permanent foam is the presence of static

stabilizing forces. These forces act against suction and represent a kind of vacuum in
the cell walls. The different sources of static forces are discussed according to
KORNER [1] in the following.
The uncoupling pressure, equilibrium or static stability of thin films or cell walls is
extremely important. Foam films gradually drain away by gravitational or capillary
forces. Since capillary forces always tend to reduce film thickness, there must be an
additional force, termed "disjunctive pressure” I1, to counterbalance the capillary
forces. If the "disjunctive pressure" I is positive (repulsive forces), film formation is
suppressed. Otherwise, attractive forces act. In general, the "disjunctive pressure" I
is calculated as the sum of three components [1]:

H - HEL + HW + HST y (340)

where: TleL is repelling the electrostatic force of two layers on both surfaces;
Ilw is the force due to van der Waals interaction; Ilst is the force from spherical or
structural interaction caused by a spherical barrier in the layer.

The range of forces IleL and Iw is very small 10™° m or even smaller. As a result,
foams stabilized by electrostatic repulsion of two layers develop very thin stable cell
walls (<1 nm), which are commonly referred to as "black films".

We observe the magnitude of the uncoupling pressure concerning the wall
thickness d. The stability of the wall is guaranteed as dll/ad < 0. For the growth of
instability and subsequent wall rupture, it is necessary that dl'l/ed > 0. The behaviour
of the uncoupling pressure depends on other circumstances. Fig. 3.12 shows one
typical example where wall rupture occurs for the case d < dcrit (wall thickness is less
than the critical size). Thus, wall breakage is only possible when the “capillary”
pressure exceeds the maximum uncoupling pressure. For I, see Fig. 3.12, the stability
criteria for the metal foam cell wall are given in reference [21].
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Fig. 3.12 Schematic diagram of the magnitude of the uncoupling pressure as a function of
cell wall thickness [1]

The cell wall (the cell wall is stabilized if the wall thickness is greater than the critical
size (dcri). Smaller wall thicknesses lead immediately to cell wall rupture. The
equilibrium cell wall thickness can be calculated:

Z — 1(d) =0, (3.41)

Rpp

where: o is surface tension, Repi is the radius of curvature, IT (d) is disconnection force
at cell wall thickness d.

Consequently, the equilibrium thickness is not only determined by the disjunctive
pressure but also by the magnitude of the suction effect due to surface tension. The
magnitude of the dissipative pressure can be estimated from the average curvature
and surface tension. High disjunction pressure leads to small radii of curvature Rpi of
the cell boundary surfaces. Thus, very sharp surfaces on the cells are an indication of
the presence of high uncoupling (disjunction) pressure. The thickness of the cell wall
is satisfactory if a balance is achieved between the forces of the so-called suction effect
and the disjunction pressure [1].

3.6 Stability of gas bubbles through stabilising particles

Most metal foams are created based on two-phase systems: gas with melt and
containing a stabilizing agent (surfactant). However, we study foams as three-phase
systems: gas, melt and solid particles. The dispersed particles in the melt, which are
used for the production of metallic cellular materials, can stabilize the foams but also
destabilize the BINKS [30].

3.6.1 Effect of dispersed particles on melt viscosity

The dispersed patrticles greatly increase the viscosity of the melt. The kinematic
viscosity of a melt with dispersed particles can be determined:

Vv = VO - (1 + 2,5 - VREL)' fOI‘ V REL< 0 (342)

135



where denotes: vo is the kinetic viscosity of the melt without particles; VreL is the
relative volume of particles (solid fraction content).

Equation (3.42), shows that the increase in viscosity is relatively modest up to
a relative particle volume of about 10 %. For higher relative particle volume contents,
there is as yet no analytical description available for the determination of viscosity.
Particle size and shape are very important in this regime. RAVI [42] provides
a relationship for determining dynamic viscosity with stabilizing particle content. This
viscosity is referred to by the term "effective dynamic viscosity" and can be determined:

ng= M (1+25 ¢ +10,25¢?), (3.42 a)

where: no is the dynamic viscosity of the melt without particles; ¢ is the volume fraction
of the suspended particles.

According to WANGA [43], the effective dynamic viscosity can be calculated:

g =1 - [( (1+DP95()>95) <p] (3.42b)

0.01+37.35-Dp

where: § is a relative factor that includes the diameter of the particle; ¢ is the volume
fraction of the suspended particles; Dp is the diameter of the particle [cm], and the
dynamic viscosity must be based on cm.

There are various approaches that model the effect of higher particle content on
melt viscosity. The most widely used is the Krieger-Doughert model for spherical
particles in metallic melt [37].

_ VREL
V—VO'(CRIT

) -25 VgL
VREL

: (3.43)

where it reads: VERIT is critical relative particle volume, for constrained computational
model networking.

Various modifications of the Krieger-Doughert model are available in the literature [38].
Chen and Fan [39] give the viscosity for a suspension of particles dispersed in a semi-
liquid metal melt:

Verr \ =25
v=vy-(saek) (3.44)

VREL

Fig. 3.13a) shows the relative viscosity (v/vo) as a function of the relative particle
volume (VreL), taking into account the critical relative paren volume (VER™T). For low
VReL, the Krieger-Doughert model approaches equation (3.42), the so-called Einstein
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equation. The relative viscosity ratio is very steep over a relatively narrow range of
VRreL. Moreover, the increase in melt viscosity is relatively small up to a particle content
of 30 %.

rel
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Fig. 3.13a) Viscosity of semi-liquid metal suspensions, determined according to equation
(3.44), where the relative viscosity (w /v) is a function of the relative volume of the particles,
according to [1]

Fig. 3.13b) shows the relationship between the dynamic viscosity (referred to as
apparent dynamic viscosity by SONG [44]) of the melt and the amount of different
calcium contents mixed into the melt (stirring speed 700 rpm at a melt temperature of
973 K).

8rotation speed 700 rpm
7-{temperature 973 K

Cal%

apparent viscosity, n /mPas

0 2 4 6 8 10 12 14 16
stirring time, t / min
Fig. 3.13b) Relationship of dynamic viscosity of aluminium melt at different calcium content
and melt mixing time (mixing speed 700 rpm at melt temperature 973 K),
SONG [44]

Foam stabilization is influenced by the particles due to their ability to bridge cell walls.
This effect begins to operate when the thickness of the cell wall is approximately equal
to the diameter of the particles. The effect of the particles depends on their contact
angle® with the fluid and also depends on the shape of the particles. Fig. 3.14 indicates
the effect of spherical particles.
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Fig. 3.14 Schematic of the effect of contact angle on effective particle bridging, a) the stability
condition is 90° for@ <'; b) the instability condition is
6> 90°, according to IPA [33].

DIPPENAAR [34] was one of the first to systematically investigate the effect of
contact angle and particle shape on the stabilising potential of foam. Spherical particles

with© 2 90° stabilize foam walls (sometimes referred to as films in the literature), while

the condition for particles® > 90° accelerates foam breakdown. As stated by KORNER
[1], the reason for stabilization is the capillary pressure that sucks the melt onto the
particle. Destabilization results from the convex curvature of the surface which
removes the melt from the particle. Non-spherical particles with special shapes can

lead to film rupture even at the condition® < 90°. Therefore, it is important to observe
the melt-wetting behaviour of the particles in combination with the particle shape when
producing metal foam.

A high viscosity value slows down the formation of the cell wall, see equation (3.42),
thus having a positive effect on the lifetime of the foam. Research [40] has shown that
metal foam stabilization and high melt viscosity are closely related. This finding has
been supported by experimental observations, e.g. during the production of Alporas
foam [36], calcium is added to the aluminium melt and the melt is stirred for several
minutes. This achieves the necessary increase in viscosity, which is 3 to 4 times the
viscosity without stabilizing particles (viscosity of the initial melt). In this method of
producing Alporas foam, a foaming agent is subsequently added, which is TiHz. The
quality of the resulting metal foam is very sensitive to the viscosity of the melt [1].
Another example is aluminium foams reinforced with SiC particles [41], see Fig. 3.15.

SIC particles

"+ on the cell wall surface

v . .
AccV  Spot Magn Det WD F—— 200um
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(b)

Fig. 3.15 Microstructures of aluminium foam with SiC particles a) gas cell wall surface; b)
inner parts of the gas cell wall, 10 wt. % SiC was used; REM electron microscope, the foam
was produced by powder metallurgy, according to [41]
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The above theory of the physical nature of the foaming process relates to the
production of cellular metallic materials ("metal foams"). As mentioned in the
introduction, there are currently several technologies for implementing the foaming
process. These foams are produced, for example, by feeding gas into a composite
melt which, when solidified, forms the metal matrix of the cellular material. The size of
the particles used, which positively influence the viscosity of the melt, ranges from 5 to
20 um. If the volume of the stabilizing particles is too low, the gas fed into the melt
forms bubbles in the melt which rise to the surface of the melt, where they disappear.
The stability of the produced metal foam is maintained if the volume content of the
stabilising SIiC particles is satisfactory.

A satisfactory particle content favourably influences the viscosity of the melt, which
must be sufficiently high. In direct melt foaming (e.g. Metcomb method), an amount of
SiC stabilising agent of about 10 to 20 % by volume is used. In the production of metal
foams by the transfer metallurgy (PM) method, a quantity of stabilising particles is also
used, preferably in an amount of 10 to 20 wt. % when SiC is applied.
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4. FOAMING AGENTS FOR THE PRODUCTION OF CELLULAR
METAL MATERIALS

This chapter lists the foaming agents that are used for the production of cellular
metal materials. In this context, it should be noted that there are various methods of
producing cellular metallic materials, as can be seen, for example, from Table 1-2. The
source of gas for the production of these materials is either gas from an external
source, gas dissolved in the melt, or gas obtained from the decomposition of a frothing
agent.

It is generally known that pure liquids or metal melts do not foam. An essential
prerequisite for the development and production of foam is the necessary gas, which
can be obtained, for example, by the presence of a foaming agent. In general, foaming
agents can be specific adsorbed cations or anions from inorganic salts, polymers, and
other particles, which can often cause foaming even at extremely low concentrations,
as reported by KORNER [1] based on Pugh's research. From a thermodynamic point
of view, foams are predisposed to achieve high interfacial free energy, but at the same
time, they are also prone to low stability and decomposition. According to [1], two
different classes of foams are  distinguished concerning  kinetics
and the underlying mechanisms:

Unstable or transient foams with low durability in seconds. In this case, surfactants
slow down the foaming process and weakly prevent the film between the melt and the
gas bubble from bursting. As mentioned above, it is assumed that the melt foaming is
the result of the Gibbs-Marangoni effect (Section 4.3.1. KORNER [1]), where the cell
wall is stabilized during thinning due to the material moving towards the weakened
region as a result of a local increase in the surface tension of the melt. The flow is
essentially a response to the melt surface tension gradient. As a result of the viscous
flow, it can carry a significant amount of the underlying fluid or melt along with it to
restore the thickness of the foam walls.

Permanent or metastable foams have a theoretical shelf life of hours to days.
In these systems, cell wall thinning times are relatively short compared to their lifetime.
Stability is controlled by the balance of interfacial forces. These forces are balanced
only after the melt's solidification is complete.

Essential for the success of the foaming process (integral foaming) of the produced
cellular metal system or material is the availability and use of a suitable foaming agent
(superconductor), which should have the following properties:

e High equilibrium dissociation pressure gas pressure for the produced "foam"
(foam pressure) rises with the equilibrium pressure of the foaming agent (blowing
agent).

e High foaming efficiency: A smaller amount of foaming agent is needed to be

used for the metal melt foaming process.

e High value of the kinetics of rapid decomposition, the kinetics of

decomposition determines the effectiveness of the foaming agent.
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e It must not have a detrimental effect on the alloy used: the addition of the
foaming agent must not affect the composition of the alloy. Elements that could
lead to degradation of the alloy or to problems in the recycling of the metal
product must be avoided.

Table 4-1 provides an overview of straining agents for the production of cellular metallic
materials.

Table 4-1 Tensioning agents for the production of cellular metal systems, according to
KOIZUMI [5]

Foaming agents for the production of metal "foams"
Particle
Foaming Sample size Gas The equation of formation
reagents [ m] Gas
Titanium hydride TiH, 26 Ho |TiH, > Ti+H;
Magnesium MgH: 10 Hz | MgH >— Mg + H»
hydride
Magnesium Mg(OH)> 7.4 H.0 | Mg(OH), — MgO + H,O
hydroxide
Magnesium 4MgCO3z- Mg(OH)2 11 HO | 4MgCOs- Mg(OH),-5H.0 —
carbonate . 5HO, CO; | 6H,0 + CO; + 5 MgCO
hydroxide
Calcium hydride CaH; 10 H, | CaH,—» Ca+H;
Zirconium hydride ZrH» 20 Ho | ZrtH,—> Zr+ Hp
Magnesium MgCO3 11 CO2 | MgCO3;— MgO + CO;
carbonate
15 CO; | CaMg(COs3), — CaCOs +

Dolomite CaMg(CO:s); MgO + CO;

CO:2 | CaCO; —» CaO + CO,
Calcium CaCO3 135 CO2 | CaCO3; —» CaO + CO;
carbonate

Many metal-based foaming agents have been tested for the fabrication of cellular
metal systems (or aluminium foams): TiHz2, SrHz, MgH2, CaCO3 [7],[8],[9]. For example,
titanium hydride, TiH2, exhibits a decomposition temperature close to the melting
temperature of aluminium alloys. Titanium hydride, TiHz, is not always suitable for the
gasification process due to too low decomposition kinetics at the melting temperatures
of some aluminium alloys, [12]. Sometimes it is more appropriate to use foaming
agents such as magnesium hydride MgH2 for these purposes. Detailed
thermodynamics and decomposition kinetics of MgH:2 are given in the publication by
BINKS [6]. The thermodynamics provides information on the achievable foaming
pressure, while the kinetics determines the rate ratios and time dependence of the
decomposition of the foaming agent. Table 4-2 shows some important data on the
foaming process.
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Table 4-2 Properties of different hydrides [13]

Selected properties of hydrides for the production of metal "foams"
Hydrogen, first
name Density Hydrogen Volume weight of hydrogen
hydride [g-cm?] [wt. %] [H atoms- cm™. 10 %]
Ho, liquid (20 K) 0.071 100 4.2
MgH: 1.40 7.6 6.7
TiH> 3.80 4.0 9.1

MATIJASEVIC [2] dealt with the problem of foaming agents. He concluded that
aluminium foams produced based on the technology of decomposition of powders of
foaming agents usually have uneven cells, which can lead to lower mechanical
properties of these cellular materials. This may be due to thermal or temperature
gradients during the foaming process. These temperatures are in turn not favourable
for melting and processing the melt of the metal, rep metal alloy. Foam production also
seeks to improve the homogeneity of the cell size of aluminium foams. In this context,
there is also an effort to accommodate selective oxidation of the foaming agent (e.qg.
titanium hydride - TiHz), which affects the formation of more uniform cell sizes of
aluminium foams. It has been found [2] that the uniformity of cell size distribution is
improved (individual cell walls are smoother and less wavy) when the foaming agent
is heat-treated before foam production. Fig. 4.1 shows, according to [2], the
temperatures modifying the foaming process of metals. The left part of the figure shows
the range between solidus and liquidus for three commercially used aluminium-based
materials [3], [4] (pure aluminium, AlSi7 and AISi6Cu4). The right part of the figure
shows the range of temperatures between the onset and maximum hydrogen release
from the TiH2 powder and the precursor (containing pure Al and TiHz). Also shown are
the values of the pre-treated TiHz2 foaming agent (heated to 480 °C for 180 min at a
constant heating rate of 10 K-min't). These data were derived from experiments [2].
According to [2], many factors affect the aluminium foam production. The most crucial
is the use of a suitable foaming agent that releases gas at a certain temperature to
ensure high expansion and thus the formation of uniform foam porosity.

By long-term use of TiHz in air at a certain temperature and for a certain period, it
was found:

e The onset of foam formation is delayed by pre-heat treatment with TiH..

In the current configuration, the delay can be up to 45 seconds, corresponding
to a temperature difference of 45 K.

e It takes longer to achieve a given volume of foam.

e The final expansion of the foam increases. Bubbles n = 4.5 to 5.5; uniformity of

the foam formed (pores were more uniform and cell walls smoother) was found.

The importance of the foaming agent in its addition to the melt is linked to a different
manufacturing process for aluminium foams invented by the Japanese Shinko Wire
Company (patented in 1986 as Alporas®). The whole process takes place in furnaces
and consists of several parts.

142



In the first stage of production, 1 to 2 wt. % of calcium solids (or manganese) are added
to the molten aluminium at 670 to 690 °C, which begins to oxidize rapidly
to form finely dispersed particles of the chemical compounds (CaO, CaAl204 and
AlsCa) to thicken the aluminium melt and thus increase its viscosity. It is only when
the frothing agent, TiHz, is added to the melt in an amount of 1 to 2 wt % (particle size
5 to 20 ym) that small bubbles are formed. Proper process flow is ensured by
maintaining the given temperature, pressure and time.
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Fig. 4.1 Process temperatures; left - melting temperatures of selected metals; right - TiH-
powder temperatures and Teploy TiH, in the precursor, [2]

It usually takes about 10 minutes to dissolve titanium hydride. The melt must be
prepared for the addition of the powdered frothing agent. When the foaming process
is complete, the melt must solidify properly and uniformly, otherwise, hydrogen will leak
from the pores, and foam instability will occur. Subsequent cooling produces cellular
aluminium.

Depending on the application, Alporas produces mostly metal "foams"
with closed cells. The cell size can be varied from 0.5 to 5 mm, depending on changes
in TiH content2 or the foaming and cooling time of the melt (the products are
2400 x 700 x 450 mm foamed aluminium parts). The specific weight of the aluminium
foam produced can be as low as 200 kg-m= to 250 kg-m=. The variance of the
mechanical properties reported by the manufacturer is relatively small and this is also
evidence of the evenly distributed structure of the material. Cutting large parts in a
certain way loses their surface integrity and thus their tensile strength. Cutting results
in rapid wear of the cutting tools. Alporas cellular material is also a difficult material to
recycle because it contains relatively large amounts of calcium.
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4.1 Characteristics of titanium hydride

Titanium hydride (TiH2) is a chemical compound of titanium and hydrogen. Hydride
is highly reactive and must be kept away from heat and strong oxidants.
Titanium hydride usually refers to the inorganic compound TiH2 and related non-

stoichiometric materials [14] [15]. It is commercially available as a stable grey-black
powder that is used primarily in pyrotechnics [16] in the production of metal foams and
in other fields. When titanium hydride is heated, which is applied, e.g. in powder
metallurgy, titanium hydride releases hydrogen, which froths and thus foams the metal
alloy [16]. Titanium hydride (TiHz2), the most commonly used commercial foaming
agent, decomposes into titanium and hydrogen gas at temperatures above 400 °C.
Thermal decomposition of titanium hydride:

TiH2s)= Ti(s) + Hz(g) (4.2)

AGO =453 - 0.58 T, [kJ-mol1], (4.2)
where denotes: AG°t is change in Gibbs energy [kJ-mol]; T is temperature [K].

The change in Gibbs or free energy AGP for reaction (4.1) is plotted as a function

of temperature, see Fig. 4.2. In Fig. 4.2, all elements are assumed to be in their
standard state, with gases being produced at atmospheric pressure, which helps to
characterize the situation inside the cells in the liquid foam.
Direct decomposition of TiH2 in a hydrogen gas atmosphere thus takes place at ~750
°C. In practice, foam formation with TiH2 occurs rapidly at lower temperatures and
intermetallic compounds TiAl and TiAls are formed at the interface between the TiH2
particles and the melt. As reported by CURRAN [41], other reactions also take place.
The change in Gibbs energy (AG) for several possible alternative reactions between
foaming agent particles and melt components is also shown in Fig. 4.2, assuming the
unit activity of Al and Si.
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Fig. 4.2 Gibbs energy change for G for the thermal decomposition of the TiH,, equation (4.1)
and for several possible TiH, reactions developing gas in the Al-Si alloy melt (calculated with
data from reference [48], all components have unit activity and px2 = 1 atm, [41]
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In the commercial method of producing non-stoichiometric TiH@x), the titanium metal
sponge is treated with hydrogen gas at atmospheric pressure (0.1 MPa) at
a temperature of 300 to 500 °C. The hydrogen absorption is exothermic and rapid and
changes the colour of the grey/black sponge. The brittle product is ground to a powder
that has a composition around TiH1.95 [3].

In the laboratory, titanium hydride is produced by heating titanium powder under
flowing hydrogen at 700 °C, and the idealized equation, according to [16] is:
Ti+ H2 — TiH2.

Other methods of titanium hydride production include electrochemical and ball milling
[5] [6]. Fig. 4.3 shows a titanium hydride and a schematic of its crystal cell.

Fig. 4.3 Titanium hydride, a very reactive chemical compound (melting point 450 °C, density
= 3760 kg-m™, molar mass 49.91 g-mol™), cubic crystal lattice FCC TiH, with the tetrahedral
arrangement of hydrogen atoms [20]

There is also TiH1.95, which is not water and air, is slowly attacked by strong acids,
and is degraded by hydrogen fluoride and hot sulfuric acids. It reacts rapidly with
oxidizing agents, and this reactivity leads to the use of titanium hydride in pyrotechnics
[16].

In the general case, TiHx. When TiHx approaches stoichiometry, it exhibits

a distorted tetragonal structure, which is referred to as the € phase. This composition
is very unstable in terms of partial thermal decomposition if not maintained under
a pure hydrogen atmosphere. Otherwise, the composition decomposes rapidly at room
temperature until it reaches the approximate composition of TiH1.74. This composition
adopts a fluorite structure and is referred to as thed -phase and only very slowly
decomposes thermally at room temperature until it reaches the approximate
composition of TiH1.47.
Titanium dihydride has been investigated, and the a (a-titanium) phase has a
hexahedral crystal lattice (HCP) at room temperature. Hydrogen initially occupies
tetrahedral interstitial sites in titanium. When the H/Ti ratio approaches 2, the titanium
hydride transitions to  phase with a cubic crystal lattice (FCC). In the & phase,
hydrogen atoms eventually fill all tetrahedral sites to achieve the confining
stoichiometry of TiHz2. The different phases of titanium hydride are described in Table
4-3.
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Table 4-3 Characteristics of titanium hydride phases [20]

Characteristics of titanium hydride at 500 °C
Pfase Hydrogen Hydrogen Type of
[% wt.] [% at.] TiHy crystal cell

Alpha (o) 0t00.2 0to8 - HCP
Alpha and beta 0.2to 1.1 8to 34 TiHo 1 to TiHo5 -
(o+f)

Beta (B) 1.1t01.8 34 to 47 TiHo5 to TiHoe BCC
Beta and Delta 1.8t0 25 47 to 57 TiHoo to TiH1 32 -
(B+9)

Delta (d) 2.7t04.1 57 to 67 TiH13 to TiH: FCC

When titanium hydride contains 4.0% hydrogen at a temperature below 40 °C, it
transforms into a tetragonal crystal lattice (BCT) called titanium [20].

When titanium hydrides with less than 1.3% hydrogen (known as hypereutectoid
titanium hydride) cool, the ¢ - titanium phase transforms back into the a - titanium
phase, resulting in excess hydrogen.

The powder of the foaming agent TiH2 for the production of cellular metal systems
(metal "foams") is supplied by e.g. Chemetall GmbH, Frankfurt, purity 99 %. The
physical and chemical properties, together with the average particle size of the powder,
are given in Table 4-4.

Table 4-4 Physical and chemical properties along with the average particle size of
TiH2 powder

Physical and chemical properties and average size
TiH powder particles;
Density | Chemical Temperature
[kg-m] analysis Colour | decomposition | Particle size distribution [z m]
[%] [°C] D(v.90) | D (v.50) |[D(v.10)
3760 98.8 grey 400 30.79 14.14 3.18

Fig. 4.4 shows the appearance (morphology) of the TiH2 powder, which was
obtained using a scanning electron microscope (SEM). This image shows the angular
morphology of the powder particles; the particle size is variable, and the powder
surface is irregular.

Fig. 4.4 Appearance of TiH powder patrticles, (scanning electron microscope) [31]
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For research purposes and technical applications of the pre-prepared TiH2 powder,

it was isothermally heated in air at different temperature conditions and heating times
(temperatures: 480 °C, 500 °C, 520 °C; times: 90, 180 and 360 minutes). For
transmission  electron  microscope (TEM) and diffraction observations
the powders were cold pressed into small tablets of 6 mm diameter and then heat
treated in air, see Figure 4.5. The curves in Figure 4.5 correspond to TiHz or the sub-
stoichiometric compound TiHx.
Titanium hydride powder processed in this way shows two decomposition peaks. The
release of gas starts already at 400 °C. Heat treatment at 480 °C for 180 minutes
completely eliminates the first stage of decomposition and increases the temperature
at which maximum gas release occurs. The decomposition of TiH2 is prevented due to
the slow diffusion of hydrogen through the oxide layer. Longer treatments up to 360
minutes or treatments at higher temperatures up to 520 °C shift the position of the
peaks to even higher temperatures. Practical applications have shown that the
decomposition properties of the defoaming agent - TiHz - can be tailored by a suitable
choice of heat treatment parameters.

T
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| ===~ 520°C-180 min |
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Fig. 4.5 Mass spectrometry of TiH, powder sample during thermal pre-treatment at different
heating conditions in argon atmosphere, heating rate 10 K- min™ [31]

The XRD curves of TiH2 samples processed in the air at 520 °C for 90, 180 and
360 minutes are shown in Fig. 4.6. From the powder diffraction files of the powders,
the phase composition was observed as TiHi.924 with FCC crystal structure, TiH2
powder with crystal lattice (a = 4.45-10"1° m) was identified. After heating in air, the
peaks are shifted to larger angles, indicating hydrogen loss.

The oxidation results in TisO and TiOz (titanium dioxide rutile), which are
characterized by hexagonal and tetragonal crystal structures.

Colour changes were also observed during the thermal pre-preparation of TiH2 powder
in the air. Initially, the dark grey powder turned blue at 480 °C. It further turned black
at 500 °C and showed a light brown colour at 520 °C and a dark brown colour above
this temperature. The colouring of the powder indicates that the oxidation process
takes place at the surface of the powder, where the surface oxide is formed. The
composition, amount and thickness of the oxidation products are sensitive to the
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method and rate of heating and the time delay in maintaining the temperature at the
appropriate level. The oxidation layer on the surface of TiH2 powder is about 100 nm,
see Fig. 4.7.

x - Tio,
o - Ti,0

Intensity [au.]

20 ET:] 40 g0 1] 70 1] 1]
2 theta [degrees]

a) heating in air at 520 °C; (b) heating in air at 520 °C, residence time 90 min; (c) heating in air at
520 °C, residence time 360 min.

Fig. 4.6 XRD curves for TiH,, powder samples heated in air at
520 °C at different time delays [31]

Fig. 4.7 Oxidation layer of 100 nm thickness on the surface of TiH particle, [31]

When TiO2 was formed, the amount of oxides remained constant, while the
hydrogen concentration increased significantly. The structure of titanium hydride
changed to B-phase at higher temperatures due to the loss of the original amount of
hydrogen. After cooling the sample "TiH2 ", the sample consists of a mixture of
o Ti and TiHd1,5. The measurements were carried out "in situ”. The advantage of the
measurement is the possibility to accurately observe the phase transition using only
one sample for the whole temperature range.

The action of titanium hydride in aluminium can be seen in Fig. 4.8. Here
a section of a sample of foamed aluminium & is 110 x 300 mm, the gasification
temperature of TiH2 is 993 K (720 °C), the melting temperature of aluminium is 660 °C.
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The weight of Al foamed in this way is 1000 g, and the addition of titanium hydride is
1.0 wt. %, the addition of Ca is 2.0 wt.%. It was made by a special process, it was
stirred at 1000 rpm min-t, the stirring time was 20 s, and the foaming time was 10 s.

Fig. 4.8 Section through a foamed aluminium sample <110 x 300 mm.
Al melting temperature (660 °C), gasification temperature of TiHz is 993 K (720 °C),
YANG [24]

The foaming process was also monitored by YANG [24], who used a foaming
temperature of 940 K, a foaming agent amount of 1.0 % wt., and the mixing of the melt
with the foaming agent took 30 to 80 s. A special mixing device operating at a speed
of 1000 rpm- min* was used. The porosity of the aluminium "foam" obtained was
approximately 55.0 %. It was shown that if the amount of foam pores (cells) increases,
the size of the foam cell walls decreases. When the foaming agent was mixed into the
melt for 40 s, a foam with relative cell size (D is about 4 mm) was formed
and high porosity (P = 88.8 %) as shown in Fig. 4.9 (a). Whereas, when the foaming
agent was added for 80 s, a slowing down of the foaming process was observed,
contributing to the formation of small foam cells with their size (D < 1 mm) and low
porosity P = 65.2%, as illustrated in Fig. 4.9 (b).

Fig. 4.9 Cutting of two aluminium foams with different pore structures, foaming time 150 s,
(a) - the foaming agent mixing time was 40 s; (b) the foaming agent mixing time was 80 s,
[24]

The porosities of the samples in Fig. 4.9 (a) and 4.9 (b) are 88.8 % and 65.3 %,
respectively. The pore size of the sample (a) is about 4 mm, and that of the sample (b)
is <1 mm. The foaming process temperature during fabrication is 940 K (i.e. 667 °C,
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slightly above the melting temperature of aluminium). The amount of the foaming agent
TiH2 used was 1.0 wt%, and the amounts of Ca were 2.0 wt%.

The gas released from the decomposition of titanium hydride is one of the key factors
affecting the foaming process of Al alloy. As part of the research, a set of
decomposition kinetic equations of titanium hydride was obtained by separating the
temperature programmed decomposition (TPD) spectrum obtained by a specially
designed TPD device, see its schematic in Fig. 4.10, with argon used as the carrier
gas and a thermal conductivity cell as the detector. According to these equations, the
decomposition and hydrogen release characteristics of titanium hydride at a fixed
temperature (400 °C) and elevated temperature are quantitatively described, which
can be applied to predict the foaming by melting of Al and providing a theoretical basis
for the production of a three-dimensional "foam" shape of an Al alloy.
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(1) is an argon tank, (2) a pressure reducing valve, (3) a special valve, (4) a control valve, (5) (9) quartz
sand, (10) titanium hydride, (11) a thermocouple, (12) a cooling paste, (13) a housing, (14) a thermal
conductivity cell, (15) a workstation-computer station, and (16) a medium flow meter.
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Fig. 4.10 Schematic representation of a temperature-programmed device for monitoring TiH-
decomposition [24]

4.2 Characteristics of ZrHz Zirconium Hydride

Zirconium hydride (ZrH2) is a chemical compound formed by combining zirconium
and hydrogen. Zirconium hydrides are formed when the metal interacts with hydrogen
gas. Changing the amount of hydrogen and the form of its presence in the zirconium
hydride (precipitated phase) controls properties such as the hardness, ductility and
tensile strength of the resulting zirconium hydride. Zirconium hydride with increased
hydrogen content may be harder and stronger than zirconium, but such zirconium
hydride is also less ductile than zirconium.

While this reaction occurs even at room temperature, homogeneous bulk
hydrogenation is usually achieved by annealing at temperatures between 400 and 600
°C for a period of between several hours and several weeks [25]. At room temperature,
zirconium hydrates oxidize rapidly in air and even under a high vacuum. Zirconium
hydrides are soluble in hydrofluoric acid or alcohol; they react violently with water,
acids, oxidizing agents or halogenated compounds [26].
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As a pure powder, zirconium hydrides are used as hydrogenation catalysts, powder
metallurgy and catalysts in vacuum tube production.

Zirconium hydride is used in powder metallurgy where the gas acts as
a hydrogenation catalyst and reducing agent. It is also used as a frothing agent in the
production of metal cellular systems. Other uses include acting as a fuel in pyrotechnic
components, namely pyrotechnic initiators.

Thermal decomposition of zirconium hydride:
ZrH2 (S) = Zr (s) + H2(g) (4.3)
AGO% =169.000 - 134.7- T, [J-mol 1], (4.4)

To determine the decomposition temperature of ZrH2, one can write:
A GT° = 169000-137.7- T = 0.
T =169000/137.7 = 1227 K, i.e. 954 °C.

Fig. 4.11 shows an example of a fabricated metal "foam" using the foaming agents
ZrH2 and TiH2.

Fig. 4.11 Metal foam (metal cellular system) fabricated using ZrH foaming agent, (left);
porous aluminium foam structure fabricated using TiH., the area shown is 80 x 80 mm (right),
Nanjing University, Southeast China

MATIJASEVIC et al. [27], evaluated foaming agents of hydrides (Ti, Zr, Hf) in the
framework of the production of aluminium "foams" by powder metallurgy (mixing and
compaction of powder mixtures at different conditions) with subsequent melting of the
powder precursor. Before compaction, ZrHz was subjected to an oxidation treatment to
adjust its thermal decomposition characteristics. The zirconium hydride pretreatment
was found to have a positive effect on foam production with a better and more uniform
distribution of foam cells (pores). These results confirmed that zirconium hydride is
also a good foaming agent. It is potentially a serious competitor to titanium hydride,
which is currently the most commonly used foaming agent in metal foam production.
When using foaming agents, the aim is to obtain a regular structure of the foamed
material. Also, metal foams with non-uniform cells can find interesting technical
applications. One of the reasons for the non-uniform cell structure may be the
temperature difference between the decomposition temperature of the foaming agent
and the melting temperature of the metal used (most often, aluminium alloy). This
difference causes the formation of irregular, cracked pores, which have their origins in
the early expansion stage of foam production. To minimize the temperature mismatch
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between the decomposition temperature of the foaming agent and the melting
temperature of the metal in question, this temperature difference can be reduced by
adding an alloying metal agent. Alternatively, the thermal decomposition temperature
of the foaming agent may be favourably influenced, for example, by heat treatment.
MATIJASEVIC et al. [27] also report the observation that if the foaming agent powder
is preheated in air, then an oxide layer is formed on its surface (this layer slows down
the release of gas from the foaming agent particles during their thermal
decomposition). Thus, the thermal decomposition of e.g. TiH2 releases hydrogen in
an ideal way, i.e. during the foaming process, but also when the respective metal is
melted [28].

In this context, it should be noted that the term "hydride" is described as a binary
combination of hydrogen and metal or something similar to metal) [29]. From the nature
of hydrogen bonding, hydrides can be divided into three main groups (covalent or
volatile (salt) hydrides, ionic hydrides and metal hydrides). Metal hydrides are used for
foaming and also exhibit the properties of metals (high thermal conductivity, electrical
resistance, hardness, crystal structure etc.). Metal hydrides have other uses beyond
their use as a foaming agent (in nuclear applications as chemical reducing agents, for
deoxidation and desulphurisation of molten iron alloy material and for use as high
energy fuels). Interestingly, zirconium hydride contains twice as many hydrogen atoms
per unit volume as liquid hydrogen. Titanium, thorium and zirconium hydride are
effectively used as foaming agents for the production of metallic cellular systems.

Knowledge of the use of ZrH: for the fabrication of metallic cellular systems is reported
in [27]. The hydrogen release from ZrH2z powder in the untreated state and after various
pretreatments in argon and air was monitored (for this purpose, a Netzsch STA 409C
simultaneous thermal analyzer for differential temperature analysis - DTA
and for gravimetry - TGA and mass spectrometry - MS).

For this purpose, ZrH2, powder supplied by Chempur GmbH, Karlsruhe, (purity 99.7%,
< 45 um) was used. The powder was examined in the "untreated" state and after
several pre-treatments. Pretreatments of ZrH2 powder were carried out isothermally,
at different temperatures (400, 480, 520 °C) and times (90 and 180 min), using an
argon atmosphere (purified with zirconium active material, 102 ppm) inside a tube
furnace. Furthermore, a chamber furnace with an air atmosphere was used.

Next, the foaming precursors were prepared by mixing aluminium powder (Eckart,
purity 99.74

%, <160u m), silicon powder (Olschlager, purity 98.5 %, <100 um) and copper powder
(Chempur, purity 99.8 %, <250 um) in such quantities to obtain AISi6Cu4 alloy (90 wt%
Al, 6 wt% Si and 4 wt% Si). In addition, a powder of a foaming agent was added in the
amount of 0.5 wt% ZrH2. The foaming agent was either in an untreated state or in a
state after one of the various air pretreatments. When working with powdered foaming
agents, it is important to take care to prepare and treat the powders consistently. For
powders based on powder metallurgy, a long mixing time, about 90 minutes, in the
mixing equipment is necessary to achieve homogeneity of distribution of all powder

152



components, including the powder of the foaming agent. The powder mixtures thus
prepared must be further compressed. Pressing must be carried out in two stages.
The first stage of pressing must be carried out at room temperature (approx. 20 °C).
For this purpose, a press mould is suitable so that a roll of the compressed mixture of
all the necessary powders is pressed out. The size of this roll must be as appropriate,
e.g. approx. & 35 x 50 mm. The roll of the powder mixture thus pressed is then placed
in an oven and heated to a temperature of 450 °C at a rate of 10 °C.min"! and heated
at this temperature for about 30 minutes.

The second stage of pressing is carried out under hot conditions. For this purpose,
a sample heated to 450 °C is used and after a bob of 30 minutes, a pressure of 200
MPa is applied to the sample. This produces a very compact semi-finished product
(foamable or foaming precursor).

This foaming precursor is then fed into a furnace at 650 °C. This temperature is related,
for example, to the melting temperature of the aluminium alloy AlISI6Cu4 (Tmei. = 650
°C). A thermocouple can be installed in the precursor to monitor the temperature of
the straining process. The foaming process is completed when the sample or precursor
reaches the expected foaming time (tr time foaming finish) and the required foaming
temperature (Tris temperature foaming). The detailed preparation and methodology of
the experiments are explained in the reference [31].

The results that were determined from the thermal analysis of DTA and TGA
showed that no further oxidation occurs because the thermal analysis was performed
using argon. ZrH2 powder was found to release only hydrogen. The maxima of the
mass spectrometric curves are observed during the decomposition of ZrHz.

Fig. 4.12 (a) shows the behaviour of the powders as they decomposed, the unheat
treated ZrH2 powder as well as the behaviour of the ZrHz powder pre-heat treated
under argon (an argon stream and a heating rate of 5 K- min-* was used).
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Fig. 4.12 (a) Mass spectrometric analysis of pre-treated ZrH, foaming agent powders (they
were pre-treated in an Ar atmosphere); heated from 30 °C to 1050 °C, at a rate of 5 K- min™
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in an argon atmosphere (low temperature, temperature range omitted); peak temperature
positions are given in °C; a curve for untreated ZrH- powder is included [31].

Based on mass spectroscopy (MS), three peaks of the temperature curves of the
untreated powder can be observed. The first hydrogen evolution step (monitored by
mass spectrometry), using the 1 % criterion, starts at 205 °C, with a relative maximum
at 436 °C. The second dehydrogenation step starts at about 480 °C and reaches a
maximum of 552 °C. The third dehydrogenation step starts at about 580 °C with a small
shoulder and reaches a maximum of 752 °C. Fig. 4.12 (b) shows an analogy of ZrH
powdersz, with pretreatment in air.
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Fig. 4.12 (b) Mass spectrometric analysis of pre-treated ZrH, foaming agent powders (which

have been heated from 30 °C to 1050 °C, at a rate of 5 K- min™ in an argon atmosphere (low

temperature is temperature range omitted), positions of temperature peaks are given in °C;
also included is a curve for untreated ZrH,, powder [31].

Fig. 4.12a) also shows that heat treatment at 400 °C for 180 minutes eliminates the
first stage of decomposition, leaving only two peaks. The double peak structure
remains the same for the process at higher temperatures or longer times. The
remaining two peaks are shifted to lower temperatures compared to the untreated
ZrH2 powder. By observing the curves with prior argon pretreatment, it can be seen
that at 205°C the effect of treatment under argon is not apparent, with all temperatures
starting between 205°C and 211°C. The levels of gas released outside the peaks
for the untreated powders start at 400 °C and end at about 950 °C.

For ZrH2 pre-treated powders, the gas release starts in the temperature range of 480
°C to 520 °C and ends at about 900 °C.

As can be seen in Fig. 4.12b), the ZrH2 foaming agent powders pretreated in air
show a different behaviour in their decomposition than that observed when the
powders were pretreated with argon. Heat treatment for 180 min at 400 °C in air
eliminates the first stage of decomposition. However, unlike the process under argon,
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pretreatment of the powders in the air significantly changes the gas evolution
temperature. Treatments up to 180 min at higher temperatures (up to 520 °C) increase
the onset of decomposition by 258 K, while peak temperatures decrease by up to 103
K.

For all treatments, the gas release is less than for untreated powders

and ceases earlier, at about 850 °C for the 400 °C treatment and about 800 °C for the
480 and 520 °C treatments, 90 min, about 750 °C for the 520 °C treatment, 180 min
compared to about 950 °C for the untreated powder.
Fig. 4.13 shows the correlation between the foaming time and the final temperature at
which the experiments were carried out and "stopped" to achieve the required foam
expansion of 60 %. The data were measured on samples with both air pretreatment
and different amounts of ZrHz. The heating conditions were the same in all cases. The
final foaming temperature (Tr) was shown to increase steadily with foaming time (ts).
As a result of the observation, the precursor containing a pre-heat treated foaming
agent (a higher temperature for a longer time) also needs a higher temperature and
longer foaming time for the foaming process to take place in a given volume of metal.
The effect of oxidation on the quality level of the foaming agent ZrH2 was monitored on
the nature of the pores (cells) formed during the foaming process (see Fig. 4.13). The
untreated ZrHz foaming agent produced pores with jagged boundaries and a non-
uniform pore size distribution. The changes in the shape of the pores are remarkable
in the context of increasing hydride oxidation. The pores become more spherical and
have smooth surfaces even at shorter ZrH2 pretreatment times. At the same time, the
increasing oxidation of this hydride has a positive effect on the distribution and size of
the pores.

&30 b
] = 530%C-180 min
g20 -
w 520°C-20 min
—_ 510 |
E l s 480°C-180 min
=
G000
" 400°C-180 min
a0
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Fig. 4.13 Final temperatures Tr (foaming agent) of the samples at foaming time t; for the
production of aluminium foam from AISi6Cu4 alloy, using foaming agent ZrH, to achieve
foaming of 60 %, ZrH, was pre-heated in the air according to different methods, and the
temperature in the furnace was 650 °C, [31]

ZrH2 foaming agent powders pre-heat treated at temperatures 520 °C produce more
uniform foam pores than powders pretreated at lower temperatures. Pre-thermal
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treatment of ZrHz in air results in foams with a more spherical and homogeneous pore
distribution. Fig. 4.14 shows an example of aluminium foams produced using the ZrH2
foaming agent.

(a) untreated ZrH- (porosity P = 58 %), (b) pre-treated ZrH, in air 400 °C, 180 min (P = 50%),
(c) 480 °C, 180 min (P = 50 %), (d) 520 °C, 90 min. (P = 563 %), (e) 520 °C, 180 min (P = 52 %),

Fig. 4.14 Aluminum foams made from AISi6Cu4 alloy using decomposed ZrH» gases (the
direction of expansion of the gases was from the bottom to the top), [27]

4.3 Characteristics of dolomite MgCa(CO3):

The researchers PAPADOPOULOS et al [35], tried to apply the foaming agent
dolomite (MgCa(COs)2) or carbonate-magnesium-calcium in the production of
metallic cellular systems. Dolomite is a naturally occurring mineral. It is a very effective
foaming and stabilizing agent for the production of aluminium foam systems. The
thermal decomposition of dolomite occurs in two stages:

Stage 1: CaMg(COs)2 = MgO (s) + COz2 (g) + CaCOs (s) (4.5)
Stage 2: CaCOs (s) = CaO¢s) + CO2 () (4.6)

Dolomite and its thermal decomposition can also be written in this way:
CaC0O3-MgCOs (s) = CaO (s) + MgO (s) + CO2 (9) (4.7)

The decomposition of dolomite MgCa(COs3)2, or CaCO3-MgCOs produces calcium
oxide, magnesium oxide and carbon dioxide. The course of thermal decomposition is
influenced by the flow of gases from the decomposing dolomite. The temperature of
the first stage of thermal decomposition of dolomite is about 750 °C. The temperature
of the second stage of decomposition of dolomite is determined by the thermal
decomposition of CaCOs, which corresponds to a temperature of about 900 °C.
Dolomite as a frothing agent has several notable advantages over the
current use of titanium hydride as a frothing agent. The characteristic cellular structures
and microstructural features of the foams produced have been investigated
with a dolomite foaming agent. Furthermore, the properties of the foams produced with
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the dolomite foaming agent were investigated. Foams with titanium hydride-based
foaming agents were also produced by the same technological method. The structure
of the foams produced using dolomite-based foaming agents is characterized by
smaller cell sizes with thinner cell walls. The use of the MgCa(COs3)2 foaming agent
also leads to a significant increase in the stability of the molten foams with a large
range of foaming process temperatures and leads to an almost complete absence of
influence on the melt (melt flow) even at extended foaming times. Many of these
properties are attributed to the cell surfaces covered by the thin oxide film formed
during the foaming process.

Researchers [32], in experiments, produced metal foams based on titanium hydride
and dolomite-based melt foaming processes.

The foam based on the foaming agent TiH2 was produced by the following process:
calcium (1.8 % wt.) was added to a prepared 720 °C aluminium melt with an average
particle size of 1190 um (supplied by Aldrich Chemical Company). The calcium
particles were dispersed in molten Al (commercial Al composition: 99.8 wt.% Al and
0.15 wt.% Fe). The addition of Ca increased the viscosity of the melt, and the melt was
stirred with Ca for 8 minutes at a speed of about 700 rpm-mint. To the melt
at a temperature of about 680 °C, a powder of the foaming agent TiH2 (1.5 to 2 wt. %)
with a mean particle size of about 44 um was then added. The melt was stirred for 10
minutes at a speed of 1200 rpm-min-! to achieve uniform distribution of the powder.
Further, the melt was kept in the furnace for 3 minutes to allow thermal decomposition
of the titanium hydride, the resulting gas evolved in the melt causing it to swell or foam.
This frothy melt is allowed to solidify and cool in the air after removal from the furnace.

The preparation of foamed aluminium based on dolomite was carried out
analogously. First, aluminium was melted at a temperature of 720 °C (commercial
composition: 99.8 wt. % Al and 0.15 wt. % Fe), then powdered dolomite MgCa(CO3)z,
in an amount of 1.5 to 3 % wt., was added to the melt at 650 °C. The melt was stirred
at a speed of 1200 rpm-min-! for 90 seconds to achieve uniform distribution of the
powder in the melt. Then, the melt was put into the furnace and maintained at a certain
temperature in the furnace for 13 minutes to allow the dolomite to undergo thermal
decomposition to form COz2 gas, which will form aluminium melt foaming or aluminium
foam. The temperature progression of the heated foamed material was monitored
using a K-type thermocouple placed directly in the melt. The equipment used for the
foaming processes (using hydride and dolomite foaming agents) consists of
a resistance furnace, a stirrer which is driven by a motor, can provide different stirring
speeds. In the evaluation of the produced aluminium "foams", the specific gravity of
the produced foam (pair) and the relative specific gravity of the produced foam (pai.r.
/ps.m.) and its porosity P were monitored (see Table 4-5).

From Table 4-5, it can be seen that for a comparable amount of foaming agent,
metal foams made with dolomite have higher porosity than those made with titanium
hydride foaming agent.

While observing the behaviour of dolomite powder, the kinetics of gas release from
this powder were also monitored. The effect of the purity and particle size of the frothing
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agent of the dolomite powder was also assessed. At the same time, the influence of
the purity of the particle size of the powdered dolomite on the kinetics of the foaming
process.

Table 4-5 Average values of the properties of the produced aluminium foams (bulk
density and porosity) produced using the two foaming agents MgCa(COs) 2 and TiH2
PAPADOPOULOS [33]

Physical properties of manufactured aluminium foams
Relative
Specific the specific weight | Porosity
Sample Foaming agent gravity of the foam P
[% wt.] PAILF. paLE/pB.M. [%]
[kg-m~] [1]
Al MgCa(COs); 1.5 467 0.17 82.1
A2 MgCa(COs),; 3.0 773 0.29 71.4
A3 TiHz; 1.5 625 0.23 70.0
A4 TiH2; 2.0 571 0.22 68.9

The microstructure of the dolomite powder was obtained on a scanning electron
microscope (SEM) and is shown in Fig. 4.15. The natural dolomite powder is white in
colour and fine, with an average particle size of 46 ym. The measured particle size
distribution of MgCa(COs)2 powder is shown in Fig. 4.16a). Fig. 4.16 b) is an X-ray
diffractogram of powdered dolomite used to make Al "foam" with closed cells [32].

X1, 5686 18xm 868688

Fig. 4.15 Powdered dolomite frother used,
SEM electron microscope [32]

The thermogravimetric analysis (TG) of the frothing agent, MgCa(CO )32 dolomite
powder, is shown in Fig. 4.17. Thermogravimetric curves were obtained using CO2
atmosphere (red curve) and in the air (black curve), the heating rate was 20 °C min-.
From this analysis, the melt temperature for foaming can be determined based on the
thermal decomposition of the foaming agent. According to the curve of
thermogravimetric analysis of dolomite, the initial temperature for the development of
CO:z2 is about 630 °C. The thermal decomposition of powdered dolomite frothing agent
samples is strongly influenced by the rate at which COz2 is used for frothing. This rate
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is dependent on the patrticle size of dolomite, the efficiency of thermal pre-preparation
of the powder, and the sample size [33].

Particle Size Distribution Pure Dolomite
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Fig. 4.16 (a) Measured size distribution of the dolomite foaming agent used for foaming; (b)
X-ray diffractogram of powdered dolomite used for the production of closed-cell Al foam [32].
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Fig. 4.17 Thermogravimetric curves (TG) of dolomite powder analysis [32]

On the other hand, in connection with the analysis of dolomite, it should be noted
that the direct decomposition of TiH2 in a hydrogen gas atmosphere occurs at a
temperature of about 490 °C. In practice, rapid sintering with TiH2 at lower
temperatures leads to the formation of intermetallic phases TiAl and TiAls [33] at the
interface between titanium hydride and the metal matrix, suggesting parallel reactions.
The above characteristics show that the onset temperature of CO2 evolution from
dolomite powder is higher than that of hydrogen from titanium hydride.

The cell morphology (pore) of the foam formed using the foaming agents
MgCa(COs3)2 and titanium hydride were also investigated. The macrostructures of the
produced foam cell longitudinal sections obtained by applying the two foaming agents
dolomite and titanium hydride, metal foams are shown in Fig. 4.18. The foams obtained
using dolomite exhibit smaller cell (pore) size than that exhibited by the titanium
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hydride-based foam, although the foaming time was approximately 13 min using
dolomite and only 3 min using titanium hydride. Apart from the difference in scale, all
samples have similar ‘polyhedral' cell structures, with straight or gently curved cell
surfaces and apparently smooth cell surfaces.

(a) foam produced on the basis of the foaming agent TiH, (foaming of a foamable precursor with 1.8
wt. % SiC patrticles, T = 720 °C, t; = 3 min, pair. = 569 kg m -3
and pair. /psm. = 0.219. (b) Foam is produced by the foaming agent MgCa(COs),, by foaming a
foamable precursor with 2 wt.% SiC particles, Ts = 720 °C, tr = 13 min., pair. = 773 kg m -3
a pA|,|:,/pB,M, =0.29

Fig. 4.18 Longitudinal section through the cellular structure of titanium hydride
and dolomite-based foams, [32]

Research [32], which focused on the use of titanium hydride (TiH2) compared to
dolomite (MgCa(COs3)2, confirmed that the use of titanium hydride foaming agent for
the production of aluminium foam involves high raw material costs and hazards due to
the specific nature of this powder. Careful process control is required to obtain
reproducible cell structures with strong sensitivity to variations in the foaming process
and the risk of heating. Titanium hydride-based foams have smooth surface walls with
no visible irregularities. However, the chemical decomposition of dolomite is more
gradual at temperatures corresponding to the formation of aluminium melts. Dolomite
acts as a foaming and stabilising agent. Its main purpose is that of a frother, and at the
corresponding decomposition temperatures, its decomposition reaction takes place to
form carbon dioxide. The reaction of CO2 with liquid aluminium leads to the formation
of thin layers of solid oxides and increases the mechanical stability of gas cells [33].
The reduced foaming rate of dolomite also improves the control of the foaming process.
When dolomite is used, the risk of a turbulent foaming process is much lower, and
material costs are also low. Its thermal decomposition, which occurs at higher
temperatures (about 750 °C), intensively releases carbon dioxide, see equations (4.5),
(4.6) and (4.7), as the above shows, the technology of the foaming process using
dolomite is more feasible than that using titanium hydride.

4.4 Characteristics of calcium carbonate

Calcium carbonate (CaCO3) is a white crystalline substance that is used, among other
things, as a foaming agent to produce cellular metal systems (metal cellular materials
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and metal foams). The crystalline modifications are identical to the mineral lattices for
calcite (I-modification), aragonite (ll-modification) and vaterite (lll-modification).

In nature, calcium carbonate occurs under the name limestone. Heating or thermal
decomposition of calcium carbonate (at a certain temperature and pressure) produces
calcium oxide and carbon dioxide:

CaCOs (s) — CaO (s) + CO2(g) (4.8)

The carbon dioxide produced by equation (4.8) is the source of the bubbles for the
frothing of metal melts.

The determination of the temperature at which calcium carbonate decomposes into
calcium oxide and carbon dioxide can be made by knowing the Gibbs energy value for
this reaction.

The general equation to express the change in Gibbs energy is:

AGYE=A+B-TlogT +C-T,[]] (4.9)
where: A is constant, for CaCOs; C is the constant, for CaCOs; T is temperature [K].
The constants for equation (4.9), which relates to determining Gibbs energy change

for the thermal decomposition of calcium carbonate, are A is 165777; constant B =0
and constant C = 141.68.

AGT = 165777 - 141.86- T (4.10)

To determine the decomposition temperature of CaCOs, one can write:A Gt = 165777
-141.86- T =0.
T =165777/141.86 = 1169 K, i.e. 896 °C.

According to CURRAN [41], the equation for the Gibbs energy change for the thermal
decomposition of CaCOs is:

AGT = 161000 - 137- T (4.11)

To determine the decomposition temperature of CaCOgs, according to equation (4.11),
one can write: A Gt° = 161000-137- T = 0.
T =161000/137 = 1175 K, i.e. 902 °C.

For the foaming of aluminium alloys using calcium carbonate, the melt temperature

must be close to 896 °C to 902 °C so that the thermal decomposition of the calcium
carbonate can be used for foaming.
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The equilibrium maximum partial pressure of CO2 can be calculated using the
equation:
84 100

logpcos = — 71,56 [MPa], (4.12)
where: pcoz is the partial pressure of CO2 [MPa], and T is temperature [K].

The partial pressure pcoz for the thermal decomposition of CaCOs, as a function of
temperature, is shown in Fig. 4.19. For the melting temperature of pure aluminium
(Tmett. (ay = 660 °C): 1000/(660 + 273) = 1.07, for the melting temperature of AlSi12
(Tmett. (aisinz) = 577 °C): 1000/(577 + 273) = 1.17, see the grey markings in Fig. 4.19.

The decomposition rate of CaCOs is relatively slow. Purity and particle size have little
effect on this rate. Experimentally, it is shown by [40], that thermal decomposition is
strongly influenced by the carbon dioxide atmosphere. In connection with the foaming
of aluminium or magnesium melts, attention must be paid to the thermodynamic laws
of calcium carbonate decomposition in the melts of these metals. It has been confirmed
by research that the thermal decomposition of the foaming agent CaCOs is
thermodynamically advantageous only when it is accompanied by a subsequent
reaction of the foaming gas with the metal melt.

The complete decomposition of CaCOs produces 0.56 kg of CaO and 0.44 kg of CO2
(20 g of CaCOs produces 11.2 g of CaO and 8.8 g of COz2). Calcium carbonate
decomposition starts slowly above 600 °C, but higher temperatures accelerate the
process until the thermodynamic decomposition temperature is reached.

According to the mineralogical composition, limestones are divided into high
percentage limestones with over 98% CaCOs; moderately contaminated with 90 to
98% CaCO3; moderately contaminated with 80 to 90% CaCOs and highly
contaminated below 80% CaCOs. Of the polluting components, silica (usually in the
form of quartz), iron and aluminium compounds are most commonly present with
CaCOs. Magnesium oxide is a separate group, which, although not counted as an
impurity, is a component that usually accompanies CaCOsz as a homogeneous
impurity.
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Fig. 4.19 Equilibrium partial pressure pco2 for the thermal decomposition of CaCOs, the grey
markings indicate the melting temperatures of Al-Si type aluminium alloys [40]
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Depending on the magnesium oxide content, we then speak of magnesian limestone,
dolomitic limestone and then dolomite, which is an equimolar mixture of CaCOs and
MgCOs.

The dissociation of calcium carbonate takes place at a temperature that depends on
the partial pressure of CO2. The resulting CO2 gradually begins to surround the
decomposing calcium carbonate. To decompose CaCOs, enough heat must be
supplied to the system so that the pressure of CO:2 released from the calcium
carbonate exceeds the partial pressure of carbon dioxide from the surrounding
atmosphere. If the pressure of the COz2 released is in equilibrium with the pressure of
the oxide surrounding the CaCOs, then the pressure of CO2 equals the maximum
pressure of dissociation for a given temperature, and is chemical equilibrium occurs.
Equilibrium is reached when the ratio of the concentrations of the species formed and
the starting species equals the equilibrium constant for a given temperature. In
heterogeneous reactions, the equilibrium constant of the reaction is determined only
by the concentrations (activities) of the gaseous products since the activity of a solid
pure substance under standard conditions is equal to one. If the concentration or
activity of the gaseous component is replaced by the partial pressure of CO2, then the
equilibrium constant will be equal to the partial pressure of CO2. Thermodynamically,
the decomposition of calcium carbonate can occur as early as 600 °C when the
decomposition pressure of COz is greater than the partial pressure of CO2 in the normal
atmosphere surrounding the calcium carbonate. Because the total pressure of the
atmosphere is much higher than the tension of the carbon dioxide released at 600 °C,
this gas can only be removed from the reaction space by diffusion, a very slow process.

Reactivity of the foaming gas (CO3) - the reaction with aluminium is considered, where
COz2 (g) is reduced to form CO (g) and a film of o - Al203 is formed on the surface of
the gas cell with the aluminium melt (at 650 °C this process is thermodynamically
favourable with the condition A G % = - 779 000 [J- mol]), according to Eq:

2Al (I) + 3 CO2 (g) = AlOs (s) + 3 CO (g) (4.13)
AGOr = - 840 000 - 66.0- T [J-mol1]. (4.14)

Another possibility is the reaction based on equations (4.8) and (4.13), resp. between
CaCOs and Al:

2 Al (I) + 3CaCOs (s) = Al203 (s) + 3Ca0 (s) + CO (g) (4.15)
AGOr = - 300 000 - 417-T [J-mol]

Reaction (4.13) can take place over the entire surface of the gas cell [41], but reaction
(4.15) is only chargeable in a small region of the solid-liquid contact area [41].

In Fig. 4.20, the free energy change, GA%r, as a function of T for several possible
reactions in molten foams of aluminium alloys.
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Fig. 4.20 Gibbs energy change GA% as a function of temperature for several possible

reactions in molten foams (GA% relates to 1 mol of Mg or Al), all elements are assumed to be
in the standard state, [41]

The Gibbs energy change (GA°T) in Fig. 4.20 refers to 1 mol of Mg or Al, all elements
are assumed to be in the standard state.

The use of the foaming agent CaCOs is currently being investigated by many
researchers, e.g. GERAMIPOUR [42], who studied open-cell aluminium foam. This
foam was produced using a low-capacity foaming agent, i.e., CaCOs and powder
metallurgy. The fabrication procedure was carried out in a standard manner.

Powder mixtures of aluminium and CaCOs were cold compacted into compacted
cylindrical precursors and prepared for the foaming process at specific temperatures
under air atmosphere. In this context, the effects of several parameters were
investigated: pressure for precursor preparation, suitable content of foaming agent,
temperature and time of the foaming process, microstructure, linear expansion, relative
weight

and compressive strength of the aluminium foam samples produced.

Fig. 4.21 shows the CaCOs patrticles, which are typically used for the foaming process.
The purer the CaCOgs, the closer its decomposition temperature is to the theoretical
temperature.

A uniform distribution of aluminium foam gas cells with a size of less than 100 ym
was obtained, forming semi-open structures with relative masses ranging from 55.4 %
to 84.4 %. Increasing the compaction pressure between 127 and 318 MPa and using

a foaming agent up to 15 % (weight fraction) resulted in an increase in linear
expansion, compressive strength and compaction density.
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(a) 99.95-100.05% pure CaCO, (b) Precipitated 99.5% pure CaCO, (c) Ground 98% pure CaCO,

CaCOs purity is higher than 99.95 % (left); precipitated form of CaCO3; with 99.5% purity
(middle), small particles of CaCOs3 with 98% purity (right)

Fig. 4.21 CaCO; powder particles of different particle size and purity, observed by scanning
electron microscope [42]

Changing the foaming process temperature from 800 to 1000 °C induced an increase
in all the parameters studied except compressive strength and relative bulk density.
The results showed that the suitable foaming process temperature is 900 °C, and the
foaming process time is 10 to 25 minutes. The DTA curve of CaCOs was monitored to
determine the appropriate foaming process temperature (see Fig. 4.22a). This curve
shows the temperature characteristics of the CaCOs foaming agent. There are two
endothermic regions on the curve. One is at temperatures of 30 to 250 °C, and the
other is at temperatures of 670 to 900 °C. The first relates to moisture loss and the
second to CaCOs decomposition reactions.
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Fig. 4.22 Differential thermal analysis curve of CaCOs frother a) according to GERAMIPOUR
[42]; b) DTA curves of different frothers when heated according to SOLOKI [49]

The thermal decomposition and release of CO2 gas began at about 670 °C, and was
completed at about 900 °C. The maximum rate of thermal decomposition of the CaCOs
frother was at 850 °C.
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Based on the temperature results resulting from the DTA curve, the temperatures (800
°C, 900 °C and 1000 °C) were selected for the experiments testing the CaCO3s foaming
process.

SOLOKI [49] observed the behavior of different foaming agents (see Fig. 4.22 b).

This figure shows the differential thermal analysis (DTA) curves for the foaming agents:
TiH2, CaCOs3, MgCOs and CaMg(COs)2. These curves were also observed concerning
the liquid (melting) taplots of aluminium alloys (from 560 to 660 °C). The curve for TiH2
shows an endothermic reaction starting at 410 °C (685 K) and ending at 605 °C (878
K), peaking at 570 °C (843 K). The curve for CaCOs shows an intense broad
endothermic reaction starting at 625 °C (898 K) and ending at 890 °C (1163 K). The
curve for MgCOs indicates a strong endothermic reaction that starts at 400 °C (673 K)
and ends at 690 °C (963 K), peaking at 650 °C (923 K).
Several much smaller endothermic reactions can also be observed in the curve.
The CaMg(COs)2 curve shows two endothermic reactions, both sharper than those
shown by the CaCOs or MgCOs curves. The first endothermic reaction on the
CaMg(COs3)2 curve starts at 600 °C (873 K) and peaks at 780 °C (1053 K). The second
endothermic reaction on the CaMg(COz3)2 curve peaks at 830 °C (1103 K) and ends at
about 900 °C (1173 K).

Furthermore, HAESCHE et al. [35] have conducted investigations with the foaming
agents: CaCOs, CaCOs + CaO, CaMg(COs)2. These foaming agents are characterized
by a low purchase price. Two different aluminium alloys, AlISI9Cu3 and AlMg4.5Mn,
were investigated. For foam production using CaCOs, the AIMg4.5Mn alloy proved to
be unsuitable in terms of its melting temperature. On the contrary, the AISI9Cu3 alloy
was shown to be suitable, precisely when using the foaming agents limestone and
especially dolomite. These frothers are suitable for the production of precursors (small
cylindrical bodies). Furthermore, CaO (calcium oxide) added for foam stabilisation is
effective only for foaming agents with a lower decomposition temperature. An amount
of 5 wt. % CaMg(COs)2 without further stabilizing additives show an excellent foaming
effect. The results obtained from the experiments carried out are shown in Fig. 4.23.

Fig. 4.23 shows the specific gravities of the samples of the produced aluminium
foams made of aluminium alloy AlISi9Cu3 with different content of foaming agents:
(CaCOs, CaCOs + CaO, CaMg(C0Os)2) at 3 and 5 wt.%, at foaming temperatures of
750 °C, 800 °C and 825 °C, according to HAESCHE [35]. Fig. 4.24 shows the
structures of the foamed aluminium alloy AISi9Cu3 using a foaming agent of 5 % wt.
CaCOsand a stabilising agent of 3 wt. % CaO. Using a foaming agent of 5 % wt
CaMg(COs3)2 and a stabilizing agent of 3 wt.% CaO, the temperature of the foaming
process was 825 °C [35].

Compared to the standard foaming agent TiH2, a slight increase in the foaming
process temperature is recommended. This measure is supported by a comparison of
thermal analyses performed on all foaming agents. Foams with somewhat irregular
gas cells (pores) were obtained. The large number of small pores is typical of the use
of the dolomite frother as opposed to the calcium carbonate frother used. Currently,
the advantages of the dolomite frothing agent over calcium carbonate are mainly
explained for obtaining small pores. Based on the obtained knowledge, clear
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interactions between CaCOs and MgCOs, which form CaMg(COs)2 and variations in
their initial decomposition temperature and the reaction progress of the foaming agent
(superconductor) CaMg(COs3)2 can be expected. The chemical compound MgO is very

good for foam stabilization. There are differences in the amount of gas released for the
foaming process.
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Fig. 4.23 Densities of aluminium foam samples of AlSi9Cu3 alloy using different foaming
agents CaCQOs3;, CaCO; + CaO, CaMg(COg). at 3 and 5 wt.%, at foaming temperatures of
750°C, 800°C and 825°C, according to HAESCHE, as reported by SOLOKI, [49]

Fig. 4.24 Structure of aluminium foams made of AISI9Cu3 alloy; left: with a foaming agent of

5 % wt.CaCOs and a stabilising agent of 3 % wt.CaO; right: with a foaming agent of 5 % wit.

CaMg(CO0:s); and a stabilising agent of 3 % wt. CaO, foaming process temperature 825 °C,
according to HAESCHE, as reported by SOLOKI, [49]

The method of producing metal foams where a foaming agent CaCOsis added to
the melt is also called FOAMCARP (Foaming of Aluminium MMC by Chalk-Aluminium
Reaction in Precursor), i.e. foaming of aluminium MMC by CaCO3s aluminium reaction
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in the precursor (MMC Metal Matrix Composites). This method of producing metal
foams, as is generally known, is based on the production of a precursor (a starting
substance from which the final product is formed by chemical transformation).

The precursor production is based on the preparation of an aluminium melt first, which
is mixed with a small amount of SiC, and then a foaming agent, which is CaCOgs, is
added to the melt. After the solidification of the melt treated in this way, a foaming
precursor (semi-finished product) is formed. By heating the precursor in the foaming
mould to a certain temperature, the foaming process in the mould will occur and
foamed aluminium will be formed. CURRAN [41] conducted research using a foaming
agent CaCOs To assess the effect of purity and particle size of the CaCOs foaming
agent on the kinetics of the foaming process, powders with particle sizes between
5 um and 70 um with different purities were analyzed and monitored using a scanning
electron microscope (SEM), microphotographs of the different powders are shown in
Fig. 4.25.

a) ground CaCOg purity 98 %, b) precipitated CaCOs3, purity 99.5 % c) pure CaCOs,
purity 99.9 %

Fig. 4.25 CaCaOg3, different forms of its particles used in the FORMGRIP metal foam
manufacturing process, monitored by SEM CURRAN [41]

At the same time, the effect of the foaming agent TiHz (see Fig. 4.26a), which was heat
treated according to the time-temperature regime, was also analyzed (see Fig. 4.26b).
The CaCO foaming agents was used to produce aluminium foams by the FOAMCART
process, and the TiH2 foaming agent was used to produce aluminium foams by the
FORMGRIP process.

Two materials were used for the foams under the name Duralcan™ AI-SiC with Metal
Matrix Composites (MMCs). One was designated F3S10S and the other F3S 20 S, the
difference being the ceramic particle content, see Table 4-6.

Table 4-7 shows the chemical composition of the F3S10S and F3S20S alloys used to
produce the foams.

168


https://slovnik-cizich-slov.abz.cz/web.php/slovo/produkt
https://slovnik-cizich-slov.abz.cz/web.php/slovo/chemicky

-~ @ o
S 3

8 12 16
f(h)

b)

20

§88 8
(xvl

—_—r—rr—r—r—r—
e~
z

Fig. 4.26 a) the used heat-treated foaming agent TiH.; b) the heat treatment mode of TiH-
powder before its use in the FORMGRIP process
(24 hours at 400 °C and 1 hour at 500 °C, resistance furnace in the presence of air)

CURRAN [41]

Table 4-6 Characteristics of Duralcan™ powders [41]

Composite material Duralcan™ based on Al-SiC with metal matrix
(Material Matrix Composites - MMCs)

Particle size Average particle
Mark Chemical SiC content range size
Alloys Ingredients [wt. %] [um] [pm]
F3S 10S Al-Si9-Mg 10 3to019 9.3
F3S 20S Al-Si9-Mg 20 5to 24 12.8

Note: F3S10S and F3S 20S have the same chemical compositions but differ in the SIC content of the

composite.

At the same time, Table 4-7 also lists other alloys that can be used in the production
of metal foams.

Table 4-7 Overview of alloys for the production of aluminium foams [41]

Chemical composition of aluminium alloys used for the production of metallic "foams"
[wt. %]
Alloy Chemical
designation | designation Si Fe Cu Mn Mg No Zn Sn
1050 Pure Al 0.25 0.4 0.05 0.05 0.05
max. max. max. max. max. - - -
10.0 0.6 0.1 0.5 0.1 0.1 0.1 0.05
LM 6 AlSi 12 13.0 max. max. max. max. max. max. max.
0.25 0.35 0.1 0.1 9.5 0.1 0.1 0.05
LM 10 AlMg10 max. max. max. max. 11.0 max. max. max.
6.5 0.5 0.1 0.3 0.20 0.1 0.1 0.05
LM 25 AlSi7Mg 7.5 max. max. max. 0.45 max. max. max.
0.4 0.15 0.15 0.8 0.25
6061 AIMg1SiCu 0.8 0.7 0.40 max. 1.2 - max. -
8.5 0.2 0.2 0.03 0.45 0.03 0.03 0.03
F3S10S AlSi9Mg 9.5 max. max. max. 0,65 max. max. max.
8.5 0.2 0.2 0.03 0.45 0.03 0.03 0.03
F3S520S AlSi9Mg 9.5 max. max. max. 0.65 max. max. max.
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The frothing agent titanium hydride powder (325 mesh) containing particles smaller
than 44 um was supplied by Goodfellow Cambridge Limited of England. Before the
foaming process, this powder was heat treated in the air at 400 °C and 500 °C, each
time at a dose of 5 g in open ceramic crucibles according to the time-temperature
regime in Fig. 4.26 b. Heat-treated (pre-prepared) TiH2 powder was mixed into the
aluminium melt or added to the aluminium powder.

The frothing agent used, CaCOs, was obtained from Alfa Aesar Johnson Matthey
GmbH. Three CaCOs frothers were obtained with relatively high purity (ground powder
with a purity of 98 %, powder with a purity of 99.5 % and high purity powder with a
purity above 99.95 %).

The production of aluminium foam by the FOAMCARP process, where the first step is
the production of a foamable precursor, the process is shown schematically in Fig. 4.27
and described verbally below.

Fig. 4.27 Schematic diagram of the precursor production process for the FOAMCARP
method of aluminium foam production using CaCOs; CURRAN [41]

1. A guantity of 1 kg of aluminium alloy (e.g. AlSi12, Twni = 577 °C) is placed in
a graphite crucible, which is heated in a furnace to a temperature of 645 °C (about
60 °C higher than the melting point of most alloys used). Temperature
measurements are made using a K-type (NiCr-Ni) thermocouple in an alumina
shroud placed in the crucible on the melt side. Induction heating of the material
can also be carried out, which is effective and ensures a slight floating of the SiC
particles in the melt.

2. When the melt temperature reaches about 645 °C, the furnace is switched off, and
the melt is stirred at 450 rpm-min-t using a stainless steel stirrer.

3. A CaCOs frother is added to the 635 °C melt. A suitable amount of CaCOs is about
3 % wt (33 g CaCOs per 1100 g melt). Because neither CaCOs nor TiH2 frothers
are normally well dispersible (dispersible) in the metal melt (most commonly,
aluminium melt), aluminium powder (in this case, for example, AlSil2 powder)
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must still be added to the melt. A ratio of 1:2 of aluminium powder to CaCOs has
proven successful. This means that 66 g of AlSi12 powder must be added to 33 g
of CaCOs. and a stainless steel propeller agitator is introduced at the same time.
The mixture of the two powders is stirred into the melt at a speed of about 450 rpm-
min-! for 60 seconds to achieve a dispersive and preferably regular distribution of
the particles of both powders (CaCOs and SiC) in the melt. The melt is cooled by
stirring. The mixture of powders is added to the melt at its temperature of 635 °C.
The melt is also stirred immediately for about 60 seconds. At the same time, the
stirring is assumed to cool the melt to a temperature of 580 °C.

4. The AISi12 melt with CaCOs powder is stirred, and the CaCOs particles are
gradually dispersed in the melt. Stirring stops at about 580 °C. This produces an
increasingly viscous melt.

5. The viscous melt thus obtained is poured onto a boron nitride-coated heat-resistant
plate. A heat-resistant plate is also applied to the surface of the melt, compressed
to form a layer about 25 mm thick, which solidifies in air.

6. A foamable precursor containing AlSi12 % wt. and 10 % vol. SiC and 3 % wt. of
the foaming agent CaCOz3 are obtained.

A stainless steel stirrer must be used for mixing to prevent the dissolution of the iron
during mixing and its transfer to the melt. The melt is also in contact with the graphite
crucible during mixing. Since the melt mixing is carried out in air, a small amount of
surface oxide may also be introduced into the melt.

The precursor thus produced attained a relative density of preL. = 0.8 to 0.85, this
porosity being partly due to the introduction of gas into the melt during mixing
and partly due to the premature release of a small amount of foam gas.

Production of aluminium foam by the FOAMCARP process, the second stage of the
process, involves the processing of a foamable precursor. Precursors with dimensions
(60 x 60 x 25 mm) were placed in a foaming mould, as shown in Fig. 4.28 (right)
and subjected to heat treatment to melt the aluminium alloy AISi12
and simultaneously foam it by thermal decomposition of the foaming agent CaCOs,
see Fig. 4.28 (left). After the solidification of the melt, the foamed AISi12 alloy was
obtained. For the foaming process, stainless steel moulds were shaped, and the
interior of the moulds was coated with a protective layer of nitride boride. The
temperature during foaming was monitored by a thermocouple inserted into a drilled
hole in the precursor material.

The foaming precursor is heated to the appropriate temperature, at which point the
AlSil12 alloy in the precursor is melted, and the CaCOs (s) = CaO:2 (s) + COs (g) is
decomposed to form a foamed melt by placing the mold assembly. The time
dependence of temperature during precursor heating is shown in Fig. 4.28 (left). The
main variable is the foaming temperature (Ttam), which is the temperature equal to the
temperature in the furnace at the time of the foaming process. The foaming time is
defined as the time that occurs between the moment of foaming (the temperature
reaches Ttam) and the moment when the foamed aluminium alloy (AlISi12) is removed
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from the furnace. In experiments where the heating of the precursors was interrupted,
it was found that a limited foaming process occurs before the foaming temperature

Ttoam IS reached.
In the following situations, it was necessary to determine the required precursor

heating parameters based on the wide range of temperatures and foaming times
obtained.
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Fig. 4.28 Time dependence of the foaming process temperature with foaming temperature
Ttoam = 650 °C and foaming time tam = 900 s, FOAMCARP CURRAN foaming method (left)
and foaming mould (right), CURRAN [41]

In the FORMGRIP process, TiH2-based foams are typically produced by heating
the precursors at 630 °C for 1 to 2 min, depending on the desired ratio (density of
foam/density compact material). CaCOs foams require a longer foaming time, which is
about 5 to 15 minutes. The foaming process temperature is slightly higher, at 650 °C
for satisfactory production of aluminium foam (from AISi12 alloy). To monitor the
temperature in the precursor during the foaming process, it is advantageous to
introduce a thermocouple into the precursor. At the end of the foaming process, the
thermocouple is removed, and the foaming mould containing the foam is allowed to
cool in air.

According to Curran [41], induction heating can also be used to heat precursors
during the foaming process. Aluminium foams can be produced in this way; see the
schematic of the experimental setup shown in Fig. 4.29 a). The device consists of an
inductor coil into which a graphite crucible containing the foaming precursor is inserted.
The temperature during the foaming process can also be measured by a thermocouple
inserted in the precursor to monitor the temperature evolution and to control the
foaming process if necessary. The foam produced is cooled in the air.

Induction heating of melts in direct metal melting - small samples of various alloys can
also be heated by gas supply from an external source after induction melting, as
described above and shown schematically in Fig. 4.29 b). The metal alloys are melted
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and heated to the temperature of the foaming process by induction heating. The
heating rate is then reduced to maintain an approximately constant temperature with
a tolerance of + 20 °C, and the foaming gases are introduced into the metal melt at
a controlled rate. The resulting foamed metal melt can be fed into a mould which is
subsequently cooled in air.
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Fig. 4.29 a) Experimental set-up for induction heating of foaming precursors;
b) experimental equipment for direct frothing of the melt after its
induction melting

From the English description in Fig. 4.29 a), the induction heating of the foaming
precursor is evident. This happens in the graphite crucible in which the precursor block
material is heated. A hole is drilled in the precursor to accommodate a K-type
thermocouple which monitors its temperature as it heats. Fig. 4.29 b) shows the
induction heating of the melt fed directly from an external gas source. The melt is
heated in a graphite crucible. The melt temperature is measured with a K-type
thermocouple.

Research conducted by CURRAN [41] has shown that calcium carbonate is an
effective foaming agent for aluminium, with several notable advantages over the
currently used titanium hydride. Using the CaCOs foaming agent, the characteristic
cellular structures of, in this case, aluminium foam were fabricated and investigated.
Two methods were used to produce aluminium foams carried out by CURRAN [41].
The FOAMCARP method (process), which applies the CaCO foaming agents and the
FORMGRIP method (process), which uses the TiH foaming agen t.. The foams
produced by the two methods were compared. The results obtained for the foams
produced in this way were compared. By comparing the results it is possible to see
remarkable differences in terms of the structure of the foams produced and the
influence of various parameters on the process. The most significant design feature of
the calcium carbonate-based foams is the smaller cell size and thinner walls separating
the gas cells from each other. The use of the foaming agent CaCOs leads to
a significant increase in the stability of the molten foams. Many of these properties are
attributed to the surfaces of the cells, which are covered with a thin oxide film formed
early in the foaming process. The composition and morphology of the oxide film have

173



also been studied. At the same time, the implications in terms of the role of SiC were
discussed and the effects of various parameters on and stability of the molten foams
were investigated.

Based on the monitoring of the effectiveness of the CaCOs foaming agent, calcium

carbonate was found to be a highly effective foaming agent for aluminium. Using it,
aluminium foams can be produced with a similar level of porosity to aluminium foams
produced using titanium hydride, but with several significant advantages.
The chemical decomposition of calcium carbonate is more gradual than the thermal
decomposition of titanium hydride at the melting temperature of aluminium. This means
that the FOAMCARP process for the production of aluminium foams is based on the
production of a foaming precursor and its heating or heat treatment. For the production
of the precursor, the foaming agent CaCOs is used in its natural state without prior
heat treatment. This is in contrast to the publication of NAKAMURA [43], see Fig. 4.30,
which instead carried out surface treatment of CaCOs before its foaming effect, a two-
step process, to promote melt wettability in the production of aluminium foam. In
contrast to CURRAN [41], NAKAMURA [43] considered the surface treatment of
CaCOs before its foaming agent as very necessary. Fig. 4.31 shows the foams
produced according to CURRAN [41] from an aluminium alloy AISi9Mg0.5 and
untreated CaCOs foaming agent.

Fig. 4.30 Sections of aluminium foams using foaming agents: a) titanium hydride; b)
calcium carbonate; c) pre-treated calcium carbonate, [43]

As mentioned above, the reduced speed of the CaCOs foaming process improves the
control of the foaming process. CURRANO [41] found that foam production from
AISi9Mg0.5 alloy is most efficient with the addition of 10 % vol. SiC particles (denoted
SiCp) and 3.3 % wt. of powdered CaCOs with a particle size of 20 um, as it is difficult
to ensure the dispersion of particles smaller than 10 um.

The optimum heating time of the foaming precursor, for its foaming purpose in the
production of aluminium foam (tfam), is from 600 to 900 seconds (i.e. 10 min to 15 min)
at a temperature of 650 °C. As shown above, this temperature is lower than the
theoretical assumptions based on calculations using Gibb's energy change.
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Fig. 4.31 Longitudinal sections of cylindrical bodies of foams produced using a foamable
precursor (containing10 % vol. SiC particles with a size of 9 xm, and 3.3 % wt.CaCO3
dispersed in AISi9Mg0.5 matrix) with different temperatures (Twam) and time of foaming
process (toam). The respective technological conditions of foam production influenced the
density of the produced foam (pram) and the relative density of the produced foam
(0r0am /P compac) CURRAN, [41]

The temperature thus calculated is about 900 °C. A frothing temperature of 650 °C for
the thermal decomposition of CaCOs during the frothing process may be sufficient
when there is significant contamination of the aluminium melt due to the presence of
various process components. For the production of aluminium foams using a titanium
hydride foaming agent, a suitable foaming time (tam) Of 60 to 180 seconds at
a temperature (Tfam) of 630 °C is suitable. The FOAMCARP method can produce
aluminium foams with a highly homogeneous cell structure, with a relative specific
gravity (proam/pcompac), Of @about 0.15 to 0.2, using an AlISi9Mg0.5 alloy. From the partial
results, it can be seen that at the foaming temperature (Tfam) = 650°C and the foaming
time (troam) = 300 s, the foam bulk density (pfoam) = 671 [kg-m™2], relative bulk density,
(proam /p compac) = 0.25 was obtained. With increasing foaming foam(tram) of about 900 s
at the same foaming temperature (Tram) Of 650 °C, the specific gravity of the foam
(pfoam) = 410 [kg-m3] was reduced, and thus the relative specific gravity (pram /p compac)
= 0.15. With an increase in the foaming temperature (Ttam) = 750 °C and a foaming
time (toam) = 300 s, again a lower specific gravity (proam) = 285 [kg-m=] and also a lower
relative specific gravity (pram/pcompac) = 0.12 was produced. Again, an increase in the
length of the foam produced can be observed. At a foaming temperature (Tfam) = 750
°C and with a longer foaming time (tioam) = 900 s, aluminium foam is produced with a
bulk mass (pfoam) =314 [kg-m-3] and a relative specific gravity (proam /p compac) = 0.11.

The use of the foaming agent CaCOzin the production of aluminium foams was also
investigated by KEVORKIAN [40]. He successfully replaced the foaming agent TiH2
powder with calcium carbonate (CaCOs3). Fig. 4.32 shows CaCOsand its TG and DSC
curves. These curves show that the thermal decomposition of this CaCOs is above 800
°C.
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For the production of foams, [40] used several calcium carbonate powders with
different average particle sizes (38, 72 and 120 ym). Foam precursors were produced
with different CaCO3s powder contents (3 to 10 % vol.). The precursors were produced
by melt and powder metallurgy methods. The precursors obtained by powder
metallurgy showed excellent homogeneity and a density = 98 %. For the precursors
produced by powder metallurgy, 3 to 7 vol. % CaCOs were used
with an average particle size of 38 ym and a density = 99 %. The efficiency of the
foaming process of the experimentally prepared precursors was evaluated by
assessing the relative density of the foams obtained (apparent volume weight of the
foam divided by the density of the compact aluminium).

DSC /mWi/mg

Temperature /°C

Fig. 4.32 CaCO particless , viewed with a scanning microscope (left); thermogravimetric
curve - TG and differential scanning calorimetry
curve-DSC for CaCO:s (right) [40]

The experimental findings showed that the apparent specific gravity of the foam
samples is inversely proportional to the specific gravity of the foamed precursor. Thus,
foamable precursors with higher specific gravity led to foamable samples with lower
apparent specific gravity and higher foaming efficiency. Higher foaming efficiency
leads to the formation of "foam" with finer pores. The mechanical properties
(compressive strength and energy absorption) of foam samples are also strongly
influenced by foaming efficiency. For the range of foams analysed, about 550 kg-m3,
the compressive strength reached up to a value of about 13 MPa for samples with
a lower foaming efficiency of about 79.6 %. This is in contrast to the maximum energy
absorption value achieved for the foams with the highest foaming efficiency. From the
results obtained, it is clear that the properties of aluminium foam are strongly
dependent on its porosity. By comparing the properties of foams obtained through the
foaming agents TiHz and CaCOs, it was found that the microstructure, compressive
strength and impact energy absorption are comparable when using both foaming
agents. The evaluation of CaCOs-based foaming powders for the production of
aluminium foams was also addressed by LAZARA et al. [44], who conducted
a systematic study on the evaluation of foamability using an alternative mixture of
carbonates in molten aluminium. Foams were produced by varying the carbonate
content, mixing it into the molten aluminium and then carrying out a foaming process.
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In addition, the addition of small amounts of TiHz in combination with these carbonates
was also tested. The experimental results suggest that using the CaCOs foaming
agent, with the correct technological regime, it should be possible to obtain aluminium
foams of similar quality to those obtained using the TiH2 foaming agent, but at a lower
cost. This confirmed the conclusions of the research [41]. At the same time, [44] states
that when using a TiHz foaming agent, it is always necessary to use a stabilising agent,
which is e.g. SiC (particle size 5 to 25 um). In this context, MIYOSHI [45] mentions two
effects of using CaCOs, that is, the foaming and stabilizing effect of the produced
foams.

As confirmed by GERGELY et al. [46], when using the foaming agent TIH2, it must be
heat treated beforehand.

Research carried out by Lazaro et al [44] confirmed that the decomposition of
CaCOs shows an elevated onset temperature, see Fig. 4.33, compared to TiH2 (not
shown) with its thermal decomposition or early gas release resulting in dispersion
problems, too rapid expansion etc.
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Fig. 4.33 Thermogravimetric curves, dashed curve belongs to CaCOs, solid curve belongs to
the mixture MgCO3; + CaMg(CO:s). , [44]

The authors [44] used a foaming agent they called an alternative carbonate
designed and evaluated in this publication, referred to as "flotation sterile", i.e. sterile
flotation. It consists of a mixture of coarse powders of magnesite and dolomite (where
the particles are smaller than 250 um). The main advantage of this froth flotation
reagent, compared to commercial TiH2 or CaCOs froth flotation reagents, is that
MgCO3 and CaMg(CO3).> by-products (CaO, MgO) can be recovered based on their
origin. The thermogravimetric curve in Fig. 4.33 for the mixture MgCOs + CaMg(CO3)2
shows that thermal decomposition occurs between temperatures of 500 and 850 °C
(that is, between the thermogravimetric curves for TiH2 and for CaCO3) and occurs in
two steps.

The first step - the decline corresponds mainly to the decomposition of magnesite. The
second step corresponds to both magnesite decomposition and dolomite
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decomposition. The change in the dolomite content of the powder of the thermogravity
curve can be shifted to higher or lower temperatures and offers additional possibilities
for selecting the correct powder of the frother depending on the properties of the alloy
used. In addition, "sterile flotation" decomposition directly produces both CaO and
MgO, as opposed to calcium carbonate, which produces only CaO. This offers several
other advantages. For one its use is not limited to Al-Mg alloys, which is necessary to
ensure acceptable froth stability and efficiency in the CaCOs froth flotation process
[47].

The foaming processes of the researchers [44] for the production of aluminium
alloy foam were applied to an alloy type AlCu4Mg1Mn1l) with a weight of 500 g, and
a melting temperature of 660 to 680 °C. A graphite crucible was used for foaming, and
several experiments were carried out with the content of the foaming agent ranging
from 0.7 to 5 % wt. of a mixture of MgCO3s + CaMg(COs). foaming agent powders.
Each time the appropriate amount of frother was added to the melt and the melt was
stirred for 1 to 3 minutes, at a stirrer speed of 600 rpm-min-t. After mixing, the crucible
was maintained at the appropriate temperature for some time while the expansion
process was taking place. The crucible with the foamed melt was then removed from
the furnace and cooled in air until the melt solidified. If two-stage foaming is used, then
immediately after the first melt stirring, another foaming agent is added and stirred for
30 seconds. The crucible is then left in the furnace again for some time and the melt is
maintained at a certain temperature, which has been selected based on the relevant
TG found (see Fig. 4.33). While the melt is maintained at a certain temperature, the
expansion process takes place. The melt is then removed from the furnace and cooled
in air until it solidifies. Fig. 4.34 shows the results of researchers [44] two-stage foaming
using MgCOs + CaMg(COs)z.

Fig. 4.35 shows sections of foam samples that were produced at different conditions
(% powder, mixing time, foaming time) (@) 1.5 % wt. 1 min, 60 s; (b) 2.5
% wt., 1 min, 60 s; (c) 5 % wt., 1 min, 60 s; (d) 1.5 % wt., 1 min, 30 s; (e) 1.5 % wt., 1
min, 120 s; (f) 1.5 % wt., 3 min, 120 s, according to LAZAR, [44], using a mixture of the
foaming agents MgCOs + CaMg(COs3)2 and the aluminium alloy AlCu4MglMnl.

It can also be observed in Fig. 4.35 that there is an unstressed area, almost at the
same height, on the fabricated foamed AlCu4MglMnl alloy parts. The melt mixing
time was also evaluated in this context. It was found that if the stirring time is increased
from 1 minute to 3 minutes, then excessive oxidation is caused by the melt. This
corresponds to Fig. 4.35 (f). The effect of the foaming time is evident from Fig. 4.35
(a), Fig. 4.35 (d) and Fig. 4.35 (e), which show the structure of the samples when 1.5
% wt. of the foaming agent is used. From these results it is evident that the amount of
foaming agent and the foaming time have a positive effect on the foaming process,
see the foaming in Fig. 4.35 (b), 2.5 %wt. of foaming agent and a foaming time of 60
seconds contributed to this foaming. The foaming in Fig. 4.35 (e) was contributed by
1.5 % wt. of the foaming agent and a foaming time of 120 seconds. From the results
of the authors [44], it is clear that the expansion rate of this mixture of foaming agents
is very low but constant. This slow growth, caused by the gradual decomposition of the
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foaming agent mixture, shows its high stability when compared to the CaCO3s foaming
agent.

loaming = 1min I 2™ mixing step (30s)

0.5 wt.% 1.0 wt %% 2.0 wt %%

1* mixing step (3min)

Fig. 4.35 Sections of foam samples produced at different conditions in order of value (%
powder, mixing time, foaming time) (a) 1.5 % wt., 1 min, 60 s; (b) 2.5 % wt., 1 min, 60 s; (c) 5
% wt., 1 min, 60 s; (d) 1.5 % wt., 1 min, 30 s; (e) 1.5 % wt., 1 min, 120 s; (f)1.5 % wt., 3 min,

120 s, frothing agent MgCO3; + CaMg(CO3)2; AlCu4MgliMnl [44]

Fig. 4.36 Foam cut by powder metallurgy using TiH» foaming agent

As can be seen from Section 4.4, there is a great deal of research effort to produce
aluminium "foams" using the foaming agent CaCOs. It is clear from the results obtained
and published to date that the quality of foam shown in Figure 4.36 has not been
achieved. This foam was produced by powder metallurgy using the foaming agent
TiH2.
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5. METALS FOR THE PRODUCTION OF CELLULAR MATERIALS

5.1 Metals and metal alloys for the manufacture of cellular materials

For the production of metallic cellular materials (metal foams and porous metallic
materials), mainly low-density metals are used. Because the specific gravity of the
ceramic particles used to form the walls of the air bubbles is comparable to the density
of the molten metal. This is particularly important for the production of metal foams that
are based on direct gas foaming from an external source. For example, the density of
aluminium alloy melts ranges from 2300 to 2380 [kg-m], while the density of small
SiO2 particles of 0.1 mm shows a specific gravity of about 2600 [kg-m=]. These
particles are moving in the bottom or sedimenting at the bottom of the froth cups. It is,
therefore, important that the frothing gas is brought to the bottom of the crucible.

For the production of aluminium cellular materials (aluminium foams), several
aluminium alloys are used [23], e.g. EN AW 1060, EN AW 3003, EN AW 6016 or EN
AW 6061, AIMg1Si0.6, which are forming alloys. According to [23], the most commonly
used alloy for direct melt foaming is A 356 (EN AC 42 100 - AISi7Mg0,3), 1 % wt.
magnezium can be added to this alloy. This small amount of magnesium slightly
reduces the density of the melt, which is advantageous for direct frothing of the melt
with gas from an external source. In addition, the alloy EN AC 42 200 can be used, this
alloy contains 0,6 % wt. of magnesium. It has been found that when aluminium alloys
intended for forming are used, the foams produced have a smaller gas cell size than
when foundry alloys are used. AlSi12 alloy can also be used for the production of
powder metallurgy-based cellular materials.

For the production of foams by direct melt foaming, the above alloys are most often
used for the production of the so-called Metal - Matrix - Composite (MMC). This means
that the respective metal is mixed with an appropriate amount of ceramic material (SiC,
Al203, MgO etc.) after melting and the melt is thoroughly mixed so that the added
ceramic material particles have as homogeneous a distribution as possible in the melt.
After the melt has solidified, this material is called a metal matrix composite. Using EN
AC 42 100 alloys, it has been shown [24] that it is a good idea to heat treat the SiC
particles (10 um in size) before preparing this metal matrix composite material. Heating
and holding at 950 °C for 1 hour and then holding at 650 °C for 2 hours.

The heat treatment is done to reduce the absorbed gases in the SiC particles. When
using the aluminium alloy AISi7Mg0,3 for the production of aluminium foams
(temperature 650 to 680 °C), it is also necessary to add particles of ceramic material
to the melt. Subsequently, it is necessary to mix them with the melt at a speed of 1400
rom-min-t. After the solidification of this alloy, a metal matrix composite is produced.
As in the other example, this composite is subsequently melted and stirred again when
the melt reaches 700 °C. This is due to the need for a homogeneous arrangement of
SiC patrticles in the melt. Depending on the circumstances, an additional 5 % vol. of
SiC particles may be added to this melt and then the melt is foamed in the presence
of a foaming medium or a foaming agent.
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In these cases, the influence of ceramic particles on the properties of the foams
produced is most often monitored. Experiments, where 10 vol. % SiC, 15 vol. % and
20 vol. % SIiC were added to the melt were observed. During foaming, the melt
temperature was 730 °C and air was always blown into the melt at a rate of 2 to 4
I-mint at a pressure of 0.2 MPa. The results showed that with the addition of 5 vol. %
SiC, the porosity of the produced foam reaches 96 %, the wall thickness of the gas cell
is about 100 um and the specific gravity of the produced foam of aluminium alloy
(AISi7Mg0.3) is 100 [kg-m=3]. When 10 vol. % SiC was used, a porosity of 94 % was
obtained the wall thickness of the gas cell was 180 um and the specific gravity of the
aluminium alloy foam produced was 160 [kg-m3]. Using 15 vol. % SiC, a foam porosity
of 90 % was obtained, the cell wall thickness was 250 um and the specific gravity of
the aluminium alloy foam was 250 [kg-m3]. Using 20 vol. % SiC, the porosity of the
foam produced was 88 %, the cell wall thickness was 370 um and the specific gravity
of the aluminium alloy foam was 320 [kg-m™=]. The cell size ranged from 18.5 to 20.5
mm.

5.2 Physical properties of metal melts

Melts of metals and their alloys are media whose kinematic viscosity is of the order
of a Newtonian fluid, therefore metal melts are governed by the laws of
hydromechanics.

5.2.1 Viscosity of metal melts

Viscosity characterizes the internal resistance to the flow of a melt (liquid) caused
by the internal friction of the melt particles as they move. Thus, the higher the viscosity
(internal friction) of the melt, the slower the melt flows, it has less fluidity. As the
temperature of the melt increases, its viscosity decreases and thus the melt has a
higher fluidity. Viscosity is divided into two groups (dynamic and kinematic).

Dynamic viscosity (internal friction) characterizes the resistance that a fluid imposes
on the actual movement (flow) or other mutual change of the particles of a liquid
medium. It corresponds to the force required to cause a certain displacement of the
flowing medium (a mass of 1 kg displacement in a time unit of 1 s by a length of 1 m).
The unit is 1 Pa.s (Pascal second, kg-m?.s?). The dynamic viscosity n (éta) is
calculated from EqQ:

n= g [kg-s™'-m™, N-s-m™%Pa-s] (5.1)

where: 1 is tangential stress acting between the fluid layers in the direction of the
medium motion; dv/dy is the magnitude of the velocity gradient perpendicular to the
fluid flow motion.
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Dynamic viscosity is the ratio of the tangential stresst acting between the layers
(particles) of the fluid in the direction of the medium motion to the magnitude of the
velocity gradient dv/dy perpendicular to the flow.

The dynamic viscosity of pure aluminium is about 0.0012 to 0.0013 [Pa-s].
Kinematic viscosity 9 (theta) better describes the effect of the melt on its flow velocity.
Kinematic viscosity can be calculated from the relationship:

9 = % [m?-s] (5.2)

where: p is the density of the melt [kg-m3] (aluminium melt has a density of about 2380
kg-m-3).

The kinematic viscosity of aluminium is about 5.04-107 to 5.65-107 [m?s]. The
viscosity of melts or liquids decreases exponentially with temperature. The
temperature dependence of viscosity is expressed by the Arrhenius equation [20]:

n =10 €exp (,f—‘;) [Pa-s], (5.3)

where: no is frequency factor [Pa-s], Ea is the activation energy of the viscous flow
required to overcome potential barriers during the transition of particles between
moving layers [J-mol], R is universal gas constant 8. 314 [J-mol1-KY], T is temperature
[K].

It is known from metallurgical practice that an increase in the melt temperature of an
aluminium alloy by 100 °C leads to a reduction in its viscosity of about 20 %.

Equation (5.3) is suitable for determining the dynamic viscosity of molten inorganic

alloys at temperatures where the viscosity is low (below 1 kPa s) [21].
The quantity of dynamic viscosity is in units of [Pa- s] according to the SI system. It is
also sometimes given as [kg-s-m]. Dynamic viscosity according to various authors,
especially in the natural sciences, is also given in mPa- s, i.e. milli Pascal second
= 0.001[Pa-s].

The dynamic viscosity values of pure aluminium are known, but little is known about
the viscosity values of aluminium alloys, e.g. based on AI-Si. These alloys have
received attention e.g. by SHIRANGAM [17]. Also little published are viscosity values
as a function of temperature. It is known from physical laws that the viscosity of
substances or metal melts decreases with increasing temperature. Fig. 5.1, Fig. 5.2,
Fig. 5.3 show the temperature dependence of the viscosity of various Al-Si alloys.

The viscosity values of the melt at the values used for its superheat are of the order
of magnitude similar to the viscosity of water. This allows the application of the laws of
hydromechanics to the melt flow in the mould channels (inlet system). A higher value
of melt viscosity slows down its flow through the channel.
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Foreign particles (e.g. slag) in the melt increase its viscosity. The viscosity of metal
melts is deliberately increased in the production of metal foams by adding various
substances (SiC, Al203, MgO, etc.).
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Fig. 5.1 Viscosity values of aluminium and aluminium-silicon alloys
as a function of temperature according to SRIRANGAMA et al. [17]
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Dynamic viscosity 1.42 mPa-s = 0.00142 Pa- s, [kg- s1-m1]; kinematic viscosity is calculated by
dividing dynamic viscosity by density (kinematic viscosity is 0.00142 divided 2380 is 5.9-1077 [m?-s])

Fig. 5.2 Viscosity values of aluminium and sub eutectic aluminium-silicon alloys
according to the empirical model [17]
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Fig. 5.3 Comparison of viscosity values of Al and Al-Si alloys experimentally determined with
viscosity values reported in the literature, according to SRIRANGAMA et al. [17].
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Fig. 5.4 Dependence of dynamic viscosity on temperature for memodified AlSi12 alloy (for

indicative assessment of values), [19]

Table 5-1 lists the dynamic and kinematic viscosity values of various metal melts
for comparison of aluminium with other non-ferrous metals.
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Table 5-1 Dynamic and kinematic viscosity values of different metal melts Kalousek [1

Melt viscosity values of selected metals
The specific Kinematic
Metal gravity of Temperature Dynamic viscosity 9
(metal alloy) melt [°C] viscosity n [m2.s1]
[kg- m~] [Pa-s]
Aluminium 750 2.70-10°3 1.06-10°
2410 700 3.00-10°3 1.25-10°
Copper 8450 1150 3.80-10° 0.45-10°
Zinc 6650 500 3.68-10°3 0.54-10°
Tin 10645 400 1.37-10°% 0.20-10°
Iron 7400 1600 4.00-10° 0.53-10°
LLG (cast iron) 6900 1310 2.65-103 0.30-10°
LKG (cast iron) 6800 1260 2.10-10° 0.29-10°

Table 5-2 shows the characteristic melt values of AlISi12 aluminium alloy and
strontium and phosphorus-modified AlSi12 alloy. The quantities listed in Table 5-2
denote: no is the pre-exponential factor in the Arrhenius equation, see (5.3), n. is the
viscosity at liquidus temperature, Ea is the activation energy for viscous flow, and Tv is
the liquidus temperature, [20]. These values are used to calculate the dynamic
viscosity according to equation (5.3).

Table 5-2 Characteristic values of unmodified AlSi1l2 melt and strontium and
phosphorus-modified AlSi12 melt [20]

Characteristics of modified and unmodified AISi melt

Frequency Activation Liquid Dynamic
Aluminium factor energy temperature viscosity
alloy o Ea TL o
[Pa:s] [3-mol] [K] [Pa: s]
AlSi12 2.343-10* 9316.49 843 8.902:10*
AlSi12 2.145.10% 10361.53 865 9.058-10*
300 ppm P
(0,03 % P)
AlSi12, P 3.427-10* 12709.34 870 1.986-10°
AlSil12 1.789-10* 10962.12 844 8.531-10*
0,2 Sr

5.2.2 Surface tension of metal melts

It results from the uniform application of forces on the surface of the melt particle
o [N.m]. If the melt has a large surface tension, it tends to form a spherical shape
and has a large wetting angle ® > 90°. Then this melt particle contacts the substrate
over a small area. Conversely, a melt with a small surface tension has a small wetting
angle® < 90° and contacts the substrate over a large area of the particle. If the melt is
in contact with the mould and exhibits a large wetting, then we say the mould is
metallophilic. If the melt does not wet the mould much then we call it metallophobic.
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This type of mould is disadvantageous for filling with melt as the melt does not exactly
follow the shape of the mould cavity.

The surface tension of metal melts can be calculated based on an empirical formula,
according to KALOUSEK [1]:

c=a—t—=787-106-—2— [N-m™1], (5.4)
Min(x) 7(x)-My

where: o is coefficienta experimentally determined (7.87-10° J-m-mol],
p is the density of the molten metal [kg-m], andrx) is the molar mass of the metal in
question, and Mu is the molar mass constant 10-3 [kg- mol].

Based on equation (5.4), the surface tension of aluminium, whose relative atomic mass
is 26.98, can be calculated. One mol of Al = 26.98-10°2 [kg- mol]. Specific gravity of
molten aluminium = 2410 [kg-m]. This calculation can be used to determine the
surface tension of aluminium to be 7.0310 [N-m1].

Relatively few researchers have investigated the surface tension of aluminium and
aluminium alloys, but FERREIRA et al. [14] have investigated the surface tension of
pure Al, Si and Al-Si alloys. To do this, they used the oscillating droplet method
combined with electromagnetic levitation. However, the surface tension of the alloys in
the Al-rich composition is strongly affected by oxygen adsorption at the same oxygen
partial pressure. With increasing Si concentration, the surface tension of the alloy
approaches the values of the oxygen-reduced surface. In Fig. 5.5, Fig. 5.6
and Fig. 5.7 are the temperature dependences of the surface tension of aluminium,
silicon and ternary and quaternary aluminium alloys.

The researcher SHI [16] presents a relationship for calculating the surface tension of
molten aluminium alloys, Al-Si type:

o0=96781-18094-w—-181-t—-0,14 - T, (5.5)

where: o is the surface tension of molten silumin (Al-Si) alloy, w is the amount of
degassing agent, t is degassing time, and T is the temperature of melt during
degassing.

The authors KOBATAKE et al. [22], observed the surface tension of pure metals Al,
Si as well as melts of Al-Si alloys. For this, they used the oscillating drop method
in combination with electromagnetic levitation. However, they concluded that the
surface tension of the Al-rich composition alloys is strongly affected by oxygen
adsorption at the same oxygen partial pressure. With increasing Si concentration, the
surface tension of the alloy approaches the values of the surface that is affected by
oxygen.
These authors [22] give an overview of published values of aluminium surface tension,
according to different authors, as shown in Table 5-3. In this table, the surface tension,
oL, and its temperature coefficient (temperature coefficient surface tension) or, of liquid
aluminium measured by methods (SD by sessile drop, LD by large drop, EML by
electromagnetic levitation, ESL by electrostatic levitation, ADL by aerodynamic
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levitation, yc by oscillating drop method under microgravity) are reported. A similar
situation is shown in Table 5-4, where the surface tension of silicon is given.

Table 5-3 Surface tension values of aluminium according to different authors as
reported by KOBATAKE [22]

Surface tension values of clay according to different authors

o7/10%

Author Method o[Nm]* [NmK]-L1 Literature
GOUMIRI SD 0.865 -1.20 [28]
LEVIN SD 0.866 -1,50 [29]
POPEL SD 0.930 -1.46 [30]
YATSENKO SD 0.865 -1.60 [31]
CORDOVILLA MBP 0.865 at 1073 K [32]
SARAVANAN MBP 0.850 -1.5 [33]

Note: MBP - maximum bubble pressure method in a nitrogen atmosphere.

Table 5-3 shows the surface tension according to different authors. Also listed in this
table is the temperature coefficient (or) of the aluminium melt measured near the
aluminium melting temperature using methods (SD sessile drop; MBP maximum
bubble pressure).

Table 5-4 Silicon surface tension values according to different authors, according to
Kobatake [22]

Silicon surface tension values according to different authors
The
Author Method | Substance | atmosphere c o7/10% Reference
inacup used [N-m?] | [N-m2KY]
KINGREY SD MgO He 0.740 - [24]
H» 0.860
DZHEMILEV SD Al,O3 He 0.750 - [25]
ELYUTIN SD BN He 0.833 -0.84 [26]
MUKAI SD BN By 0.830 -7.40 [27]

Note: BN is a special substrate; its composition is unknown.

Table 5-5 shows the surface tension values of the Al-Si system, including pure
aluminium and silicon, according to [22].

Table 5-5 Surface tension values of Al-Si, pure aluminium and silicon, KOBATAKE,
[22]

Surface tension values of Al-Si alloys according to different authors
Liquid oL o7/10*
Material temperature [N-m7] [N-m K7

T [K]

Al 933 9.79-10* -2.71

Si 1685 8.26-10* -4.12

AlSi12 842 8.24-101 -0.31

AlSi20 957 8.53-101 -1.16

AlSi30 1084 8.38-10* -0.83
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8.48.10 -2.11
AISi40 1420 8.21.10" -1.99
AISi50 1422 8.06- 10 -1,39
AISi60 1424 8.34.10 1.27
AISi65 1479 8.24.10 -0.27
AISi80 1574 8.22.10 -0.37
AISi90 1630 7.86.10 ~1.50

Fig. 5.5 shows the temperature dependence of the surface tension of the aluminium
melt.
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Fig. 5.5 Surface tension of aluminium melt as a function of temperature, according to
KOBATAKE [22] and LEVIN [35]

Fig. 5.6 shows the surface tension dependence of the melt of Al-Si alloys with
different aluminium contents.
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Fig. 5.6 Surface tension dependence of Al-Si alloy melt with different aluminium content,
KOBATAKE [22]

188



Fig. 5.7 compares the surface tension waveform of liquid aluminium and liquid
silicon as a function of temperature according to EGRYHO as reported by [22], with
the values according to KAPTAYE [14], Fig. 5.8 shows the temperature dependence
of the surface tension of the Al-Si ternary and quaternary systems according to [14].
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Fig. 5.7 Comparison of the temperature-dependent surface tension of liquid aluminium with
the values of EGRYHO (1993) with the values of KAPTAYE (2005), according to [22], left
and comparison of the temperature-dependent surface tension of liquid silicon with the
values of EGRYHO (1993) with the values of KAPTAYE (2005), according to [22], right
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Fig. 5.8 Surface tension dependence on temperature for ternary alloys (Al-Cu-Si)
and quaternary alloys (Al-Cu-Si-Mg), [22]

In order to verify the correctness of equation (5.5), experiments were carried
out with a eutectic Al-Si alloy, [16]. The surface tension of the melt was
monitored. The surface tension and temperature were measured on a physical
property analyzer. Before the experiments, the melt of the alloy was degassed.
The amount of degassing agent w was (0.10; 0.20; 0.30; 0.40 and 0.50 wt. %)
as shown in Table 5-6. It was found that degassing reduces the surface tension
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of the molten Al-Si alloy. The surface tension of the Al-Si alloys was calculated
according to relation (5.5) taking into account also the amount of degassing
agent, degassing time and degassing temperature. Table 5-6 shows the
measured and calculated surface tension values of Al-Si alloy according to [16].
Table 5-7 shows the surface tension values of metal melts according to
KALOUSEK [1].

Table 5-6 Surface stress values calculated and measured according to [16]

Surface tension of the Al-Si alloy values calculated and measured
Quantity Surface tension
Number W Time | Temperature o [N-m] Deviation
[%] [min] [°C] calculation | measured [%]
1 0.10 10 730 8.294.101 | 8.346:10! -0.6
2 0.20 8 746 8.127-10! | 8.164-10* -0.5
3 0.30 10 735 7.925.101 | 8.012-10% -1.1
4 0.35 9 721 7.873-101 | 7.847-10% 0.3
5 0.40 12 735 7.708-:101 | 7.781-10% -0.9
6 0.50 12 738 7.523.101 | 7.468:10" 0.7

Table 5-7 Surface tension values of metal melts according to KALOUSEK [1]

Surface tension values of selected metals
Metal Surface tension
(metal alloy) Temperature [°C] [N-m?]

Aluminium 660 1.07

660 1.05

660 0.65

750 0.49
Copper 1180 1.10
Tin 500 0.53
Magnesium 680 0.55
Steel (0.3 % C) 1520 1.50
Cast iron with flake 1300 1.10
Graphite

Note: water (20 °C) 0, 073 [N-m™].

The pores formed in the low viscosity aluminium melt tend to coalesce into larger
bubbles and the buoyancy force pushes them to the surface of the melt. In the
production of foamed aluminium, it is necessary to prevent the foam from collapsing
before it solidifies. Therefore, stabilising agents of ceramic origin are added to the melt
during foaming. Alternatively, substances are added which form stabilising particles.
The stabilising particles positively influence the foam against collapsing. The literature
indicating the amount of these particles added to the melt is not uniform. This is
because it is often not clear whether these particles are added to the melt as a weight
or volume percentage.
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For example, the production of aluminium foam by direct blowing of gases into the melt
from an external source, the Cymat corporation method, applied by a Canadian
company, is referred to in the literature as SAF Stabilization Aluminium Foam. The
foam contains 10 % to 20 % ceramic particles of 5 to 20 um in size.

5.3 Overview of metal melt viscosity enhancers

Silicon carbide is a compound of carbon with silicon (SiC) found very rarely in
nature as the mineral moissanite. It is often mistakenly stated that there is a quadruple
bond between the C and Si atoms in this compound. Due to the spatial structure of the
solid formed by the tetrahedra, the bond is simple; there is no separate SiC molecule.
The melting point of silicon carbide is 2730 °C and the specific gravity is 3210 kg m-
Silicon carbide is produced by reacting carbon with silicon:

C+ Si= SiC

or the reaction of silica with carbon:

SiO2 + 3C — SiC + 2CO (at 2 000 °C)

possibly by the reaction of silicon with carbon monoxide:
Si+2C0O — SiC + CO2.

Silicon carbide is used for the production of metal foams, especially for the
production of aluminium alloy foams. In metal foams it acts as a viscosity increasing
agent and affects the surface tension of metal melts, especially aluminium alloys. It is
a high quality material. Silicon carbide comes in different colours (black, green etc.)
Black silicon carbide is harder and more brittle relative to green silicon carbide.
The production of black silicon carbide is done by melting silica sand and petroleum
coke at temperatures above 2000 °C in a resistance furnace.
It is removed from the furnace in its coarse state and is crushed and sorted into
grades with precise grain size. Grains in the range of F10 to F220 are sorted on
sieve classifiers, micro grains F-240 to F-3000 are sorted by sedimentation in a
water bath. The sorting is carried out in accordance with FEPA, Standard 42 GB
1984 R 1993. The grain sizes produced according to FEPA are F-12 to F-1500.
Fig. 5.9 shows a view of the silicon carbide and its particle. SiC with a particle size
of 5 to 20 um is suitable for foam manufacturing purposes.

Fig. 5.9 Black silicon carbide powder (left), black particles
silicon carbide (right)
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The grain size of silicon carbide is shown in Table 5-8. Table 5-9 shows the chemical

analysis of silicon carbide.

Table 5-8 Overview of silicon carbide grain sizes

Grain size of black silicon carbide
(98% SiC; 0.2% Fe,0s ; 0.2% free C; 0.001% Fe, 1.6% other)
Bulk specific gravity 1200 to 1600 [kg- m~]
Grain size Grain size
Designation [pm] Designation [um]
F14 1700 - 1400 F150 106 - 90
F16 1400 - 1180 F180 90 - 75
F20 1180 -1000 F220 75 -63
F24 850 — 710 F240 70-22
F30 710 — 600 F280 59 - 22
F36 600 — 500 F320 49 - 17
F40 500 — 425 F360 40-12
F46 425 — 355 F400 32-8
F54 355 — 300 F500 25-5
F60 300 — 250 F600 19-3
F70 250 — 212 F800 14 -2
F80 212 -180 F1000 10-1
F90 180 - 150 F1200 7-1
F100 150 - 125 F1500 5-0.8
F120 125 - 106

Table 5-9 Chemical analysis of silicon carbide
Characteristics of SiC
Chemical composition by weight [%]

Mechanical properties

SiC FezOs free C free Fe Hardness Bulk weight
Mohs [kg-m~]
98 0.2 0.2 0.001 9.5 120 -160

Calcium (Ca) is a reactive, low-density, silvery metal that belongs to the group of

alkaline earth metals. Its melting point is 842 °C, specific gravity 1550 kg-m= It is
relatively soft and its properties are more similar to those of alkali metals. Calcium is
very reactive and in nature forms only calcium compounds Ca?*. When heated, it
readily combines with nitrogen to form calcium nitride CasN2zand with hydrogen to form
calcium hydride Ca?* and with a large number of elements to form compounds at higher
temperatures.
Calcium is used as an agent to increase the viscosity of the aluminium melt. Mainly in
the production of metal cellular systems (metal foams) by the ALPORAS method.
Approximately 1,5 % by weight of calcium is added to the aluminium melt at 680 °C
and the melt is stirred for 6 to 10 minutes in air at a temperature of 670 to 690 °C.
When calcium is added to the melt, chemical reactions start to take place to form CaOz,
CaAl204, or AlsCa, and the viscosity of the melt increases significantly. This
metallurgical treatment of the melt contributes to a higher intensity and successful
foaming process.
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Aluminium oxide (Al203) is a crystalline substance, usually white in colour, which

is formed by the combustion of aluminium or by the dehydration of aluminium
hydroxide. Alumina occurs naturally as the very hard mineral corundum, crystallizing
in a trigonal (dome) system. Its specific gravity is about 4100 kg-m-3. The melting point
of Al203 is about 2050 °C, so it is very heat resistant. It is also characterized by an
amphoteric structure. It is produced from bauxite. It is non-toxic in nature and has
considerable technical applications. A type of corundum is emery. Gemstones found
in nature are blue sapphire and red ruby.
For the production of metal foams, it is used as an agent that increases the viscosity
of the melt and favourably affects its surface tension. This effect is based on the
principle that Al2O3 particles adhere to the melt. For the purpose of producing metal
foams, 12 to 15 wt% Al20s3 is used.

Magnesium oxide (MgO) is a white crystalline substance found in nature as the
mineral periclase. MgO crystallises in FCC, its melting point is 2800 °C. Magnesium
oxide is easily prepared by burning a thin magnesium sheet burning in air under
a brilliant white flame. The reaction produces a white hygroscopic powder.

For the production of aluminium foams, it is used as a reagent for the stability of
aluminium foam.

In the first step for the preparation of the foamed melt by direct gas injection from
an external source, it is important to add one of the following substances (stabilising
agents: silicon carbide, aluminium oxide or magnesium oxide). SiC particles are widely
used for this purpose. Their addition to the melt is to increase its viscosity, or even to
increase the surface tension, which favourably affects the foaming process. For
example, patent 4 973 358 A, which relates to the production of foamed aluminium by
gas from an external source, specifies the addition of a number of particles depending
on the aluminium alloy used, see Table 5-10.

Table 5-10 Amount of stabilising agent used for the production of aluminium foams

Amount of stabilising agent used for the production of aluminium foams
Size
Manufacturer / Quantity Used Temperature | particles | Revolutions
Method Stabilization Alloy melt SiC (RPM)
reagents [°C] [um] [min-]
Hydro Aluminium/ 12 % vol.
Cymat Aluminium SiC AlSi7 750 - -
MMC (metal matrix 10to 20 vol. % not 5-20
composites) melt SiC or Al;O3 AlSi10Mg stated -
LKR 10 to 20 vol. % not not not not specified
Metcomb SiC or Al,O3 specified specified specified
Shinko Wire Company 1,5wt. % not 680 not not specified
ALPORAS Ca specified specified

Fig. 5.3 shows an example of a set of influences on the choice of ceramic particle
size for the stability of aluminium foam produced by the direct melt foaming method,
often referred to as MMC (Metal Matrix Composites), according to [3].
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Currently, scientists are looking into the importance of the chemical and process
parameters that are necessary to obtain a stable metal foam. From experimental
evidence, it is clear that all metal foams must be stabilized by solid additives. The
mechanism by which these particles contribute to the stabilizing effect has not yet been
convincingly explained. In addition, the role of viscosity or surface tension of the metal
melt is questionable.
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Fig. 5.10 Selection of particle size and content for the production of MMC (metal matrix
composites) foams, JIN [3]

Foam liquid metals always contain some kind of solid inclusions, either micrometre-
sized particles or nanometer-sized oxide particles, which are located inside or on the
surface of the gas cell films. In the first case, the particles are added to the melt at
some stage in the processing process, while in the latter case, the particles for the
formation of the oxide films are usually introduced into the material as a by-product of
powder production. For example, as reported by BABCSAN [4], the production of metal
foams such as "Cymat", "Formgrip" and "Metcomb" is analogous to some "dirty"
foamed materials studied today, where particles stabilize the foam melt. For the
production of stable foam from metal melts where foaming is carried out by blowing
gas from an external source into the metal melt, a minimum amount of solid particles
is necessary, as reported by BABCSAN [4] following the work of Ip, Wang and Togura.
The first principles of foam stability in its production, based on the reported limits for
their particle size and volume content, which are necessary for the formation of metal
foam, were published by JIN [3]. In this literature, there are several theories explaining
the stability of metal foam. For example, GERGELI et al [6] state that the viscosity of
the melt is critical for foam production. The viscosity is influenced by the amount of
particles. Melt viscosity increases with particle content but also with decreasing
temperature. All these effects also slow down the vertical movement of bubbles in the
melt.
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For metal foam production, it would be beneficial for the solid particles to contribute to
the formation of a flatter curvature of the foam wall boundaries, which reduces the
effect of the suction of the molten metal from the cell wall to the melt boundary. It has
been shown that the melt-wetting angle must be within a certain size range (size not
shown) provided that the particles present stabilize the interface: melt-gas bubble,
KAPTAY [9]. The addition of ceramic particles to the aluminium alloy melt can
significantly reduce the surface tension due to their distribution in the metal melt [8].
Another stabilising effect of the oxidized surface of the aluminium melt (formation of
Al203) on the surface of the melt gas cell walls, is produced by the reaction of the metal
melt during oxidation with the applied feed gas, see Fig. 5.11 (showing foam after
solidification), was observed by BABCSAN et al. [8]. This confirms the finding that high-
temperature surface layers are duplexes. The amorphous oxide formed as the first
layer can be transformed into secondary crystals within the oxide layer or can nucleate
into primary crystals below the amorphous layer.

Fig. 5.11 Oxide layer on a cell of foam "produced by the Cymat method" containing
1: primary oxide and 2: secondary oxide particles, BABCSAN [8]

For foams produced by powder metallurgy (PM), i.e. from powder compacts,
BABCSAN [4] states, based on the experience of Arnold et al. that the stability of the
foam is created by "networks" of solid alumina particles. Micro-gravity experiments
have been carried out which have shown that an important effect of the solid stabilizing
particle is to prevent the surfaces of the foam cells from aggregating into larger units.
The distribution of particles and the forces between them are well known from the
distribution of particles in water suspensions (the transparency of water and its low
temperature have contributed to this research).

Investigating the distribution of particles in metal melts is challenging (this is affected
by the high temperature at which the melts exist), so the distribution and dispersion of
particles can be observed on metals after they have solidified using metallographic
methods. In such studies, it must be taken into account that even during the
solidification of the metal, the distribution of particles may change, e.g. due to pressure
effects or other influences. It is envisaged that, for example, the use of a new method
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based on synchrotron radiation (magnetic braking radiation) could be used to observe
the behaviour of particles even at high temperatures.

Particles can agglomerate on the surface of rising gas bubbles and metal melt
during foam production. In the Metcomb method (gas injection into the melt from an
external source), the volume fraction of particles in the foam mass from the bottom of
the vessel where the gas bubbles are fed to the surface of the metal melt was also
monitored. In this context, it was found that only from a certain distance from the bottom
of the vessel (no specific value given) can a stable foam be formed. The minimum
coverage of the bubble surface by the stabilising particles must be at least 50 %.
BABCSAN et al. [8] also investigated the surface coverage of bubbles with stabilising
particles in the production of the metal foam "Metcomb®. It was found that the maximum
coverage of the used stabilizing particles SiC or Al203 is 45 % using a foaming gas,
nitrogen. This value decreases significantly with the use of gases that exhibit an
oxidizing effect during foaming [8].

5.4 Effect of particle size and volume fraction

The particle size of stabilizing agents in the production of metal foams has been
investigated by many researchers, e.g. BABCSAN et al. [4] carried out investigations
on foams produced by the "Formgrip" method. He investigated the effect of particle
size of stabilizing agents by X-ray radioscopy. Precursors containing two types of SiC
particles were foamed under the same conditions and observed at specific locations.
It was found that bubble coalescence was much more pronounced for the precursor
containing coarse particles of stabilizing agents, see Fig. 5.12, which was obtained
using a synchrotron beam, [4].

e Fc\(~,nr o

A y N ,fr_v
e KBl -M

Fig. 5.12. Melts of aluminium foams: with SiC stabilising agent with a particle size of 13 um
(left); with SiC stabilising agent with a particle size of 70 um (right) used in the production of
"Formgrip" foams with precursor: AISi9Cu3 + 10 wt. % of the stabilizing agent SiC and + 0.5
wt. % of the foaming agent TiH; (X-ray image was obtained using a synchrotron beam),
BABCSAN [4]
At a certain point (ex-situ) in the solidified metal foam, the cell walls were observed

using a scanning electron microscope (SEM). It was found that there is very little
coverage of particles of 13um in the solidified foam wall (see Fig. 5.13, left). On the
contrary, a large number of particles with a size of 70 um can be found on the surface
(see Fig. 5.13, right).

While the 13 pm particles separated on the surface of the cells and only small amounts
could be loaded on the surface. Stabilizing SiC particles of 13 um particle size
produced cell walls of approximately 85 to 100 um thickness. Also, the final cell wall
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thickness varied with the particle size of the stabilizing agent. Using a SiC stabilizing
agent with a particle size of 70 m, the cell wall thickness reached up to 300 um. Cell
wall sections of these two sizes are shown in Fig. 5.14. For completeness, it should be
noted that each foam had a different manufacturer. Except for the difference in the size
of the stabilizing SiC particles, other trace elements in the SiC (e.g., the presence of
iron) or other technological factors may play a large role.

Fig. 5.13 View of the cell wall of the metal foam prepared by the "Formgrip" method
containing 10 vol. % of stabilizing SiC particles of 13 um (left); view of the cell wall surface of
the metal foam prepared by the "Formgrip" method containing 10 vol. % of stabilizing SiC
particles of 70 um (right) [4]

Fig. 5.14 Cell wall section of a metal foam cell made from the "Formgrip" precursor
containing 13 um SiC stabilising agent particles, SEM left; containing 70 um SiC stabilising
agent particles, SEM right, [4]

The size of the SiC stabilisation particles was also investigated in his PhD thesis by
YUSEL [12], who observed their size on a scanning electron microscope SEM, see
Fig. 5.15, Fig. 5.16 and Fig. 5.17. These particles were monitored for the production of
aluminium foam by powder metallurgy using a foaming agent TiH2 of 0.5 to 1 wt. %.
Fig. 5.18 shows sections of aluminium foams that were produced by powder
metallurgy.

Research has shown that when blowing gas directly into the melt from an external
source, it is necessary to use a larger amount of stabilising agent, or ceramic particles,
which will provide a greater proportion of the so-called inclusions that are necessary to
obtain a stable foam than is the case with methods of producing metal foams, e.g.
powder metallurgy (where a compact precursor or powder compact is used). The
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powder compacts used for foaming contain thin oxide films that have previously coated
the surface of the metal powder patrticles. After the extrusion of the powder compounds
(carried out under heat), these thin oxide films are further compacted
and converted into oxide fibres with a diameter of about 20 nm and a length of 4 to 100
nm, as reported by BABCSAN et al. [4] based on the investigations carried out by Kim
et al. These oxides are homogeneously distributed in the precursor.
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(b)

Fig. 5.15 SiC particles (a) whiskers 1.5 zm to 182 um, (b) SiC powder 30 xm,
determined by SEM, YUKSEL [12]

Fig. 5.16 SiC powder (a) particle size 10 to 20 xm; (b) particle size 20 to 30 xm, determined
by SEM YUKSEL [12]

Melting and stirring of molten metal (without the presence of a foaming agent) leads
to the agglomeration of oxide films, as reported by BABCSAN et al. [4] based on the
studies of Arnold. In general, it has been confirmed that oxides promote the production
of metal foams.

MALEKJAFARIAN et al. [13] investigated the effect of using SiC on the stability of
fabricated metallic aluminium foam. The mechanical properties of the foam thus
produced were also monitored. The aluminium foam was produced by direct melt
foaming with gas from an external source. A SiC stabilizing agent with a particle size
of 10 um was used to stabilize the foam. The stabilizing agent was heat-treated before
the actual foam production. The SiC particles were heated to 950 °C for 1 hour.
Subsequently, they were heated only to 650 °C for 2 hours. This heat treatment of the
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SIiC particles was carried out to improve their wettability with the melt and also to
remove adsorbed gases from their surfaces.

LEITLMEIER et al. [7] report that at least 10 vol% of stabilizing SiC particles with
a size of 9 um is required in aluminium foams that are produced by bubbling gas from
an external source in a metal melt when stabilizing foam produced from a 727 °C melt.
Research has shown that a minimum of 8 vol. % of SiC particles of 10 to 15 ym are
required to stabilize aluminium alloy foam. For aluminium (aluminium alloy) melt
temperatures from 735 to 775 °C, a minimum amount of 10 vol. % of SiC (particle size
10 ym to 15 ym) is already required.

(h)

Fig. 5.17 SiC powder (c) particle size 35 um to 45 um; (d) particle size 45 pm to
56um (e) particle size 56 ym to 74 um; (f) particle size 3 pm to 40 xym
(g) particle size 26 um to 74 um; (h) particle size 0.2 gm to 2um,
determined by SEM, YUKSEL [12]

199



Fig. 5.18 Sections with aluminium foams produced by powder metallurgy (5 wt.% SiC, size
3 um to 40 um; 1 wt. % TiH2 and Al powder, at foaming process
100 s, 150 s, 200 s and 400 s) [12]

Fig. 5.19 shows the SiC particles used. Fig. 5.20 shows the effect of SiC volume on
the compressive strength of the produced aluminium foam.

Fig. 5.19 SiC stabilising agent particles, a) SiC particles viewed under a microscope;
c) view of a cell wall section of aluminium foam in which SiC particles are dispersed;
a) macrostructure of aluminium foam produced by direct gas injection
into the aluminium melt [13]
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Fig. 5.20 a) Stress-strain curves of aluminium foams

obtained from the pressure test at different vol. % SiC;
b) Effect of volume % of SiC on the compressive strength of fabricated aluminium foam [13]
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In both cases, the depth of the injector immersion from the bottom of the vessel was
3 cm, BABCSAN et al. [8] concluded that when using the stabilising agent Al O23 in the
aluminium melt, a minimum amount of 5 vol. % with a particle size of 11y mis required,
producing a stable foam at a melt temperature of 700 °C, with an injector depth from
the bottom of 18 mm.

In the case of metallic foam of the "Alporas" type, the size and volume fraction of
these inclusions are estimated to be about 1p m and 1 vol. %. Fig. 5.21 shows the
oxide networks decorated with secondary phases in the cross-section of the "Alporas”
foam cell, as determined by scanning electron microscopy SEM.

Fig. 5.21 Oxide networks decorated with secondary phases in the etched cross-section of the
"Alporas" foam cell, SEM, [4]

The above facts provide clear evidence that there is a lower volume fraction of
inclusions when the metal foam is produced using powders (formation of oxide films)
than when the melt is formed from an external source and ceramic particles are added.
Small particles are difficult to mix with the aluminium melt, as reported by BABCSAN
[4] based on the findings of researchers Wu and Reddi on stabilising particles. Fig.
5.22 shows the relationship between the volume and size of stabilising particles used
by different researchers (Waigang, Leitimer, Ip and Babcsan) in the production of metal
foams.
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Particle size, ym

Leitimeier (foam), according to [7]; Jin (melt) - melt according to [5]; Babcsan (melt), according to
[4]; Weigand (foam) - foam according to the author WEIGAND

Fig. 5.22 Stability diagram for metal foams regarding fraction and particle size (data from
various authors measured in foam or melt are included) [4]
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Fig. 5.22 shows the relationship between the size and volume of particles in the
fraction (providing foam stability) according to the authors who studied melt or foam:
Leitimeier (foam), approx. 10 vol. % of particles, size 8 um [7]; JIN (melt), approx.
5 vol. % particles, size 4 um, [5]; BABCSAN (melt), ca. 5 vol. % particles, size 10 um,
[4]; Alporas foam, ca. 0.2 to 1 vol. % particles, size 0.02 to 0.3 um for oxide film
formation, [4]; WEIGAND (foam), ca. 0.2 vol. % patrticles, size 0.02 um for oxide film
formation, [4].

5.5 Composition of particles and effect of reaction layers on particles
5.5.1 Composition of particles

Foam stabilisation depends on the appropriate particles and their stabilising effect,
which is mainly determined by the chemical composition of the particles. These
particles are Al2Os, SiC and MgO. This means that these chemical compounds (Al203,
SiC and MgO) are the stabilising particles of the foam. The particles increase the
stability of the liquid aluminium foam produced by gas injection from an external
source. The foaming of pure Al and its alloys, which is based on the application of
powder metallurgy (powder compacts), can be stabilised with TiB2, Al2O3 and SiC
reagents, respectively, as reported by BABCSAN [4] based on the findings of Kennedy.
It is well known that, in addition to the particle composition, the stabilisation effect is
also influenced by the wetting angle (angle of contact with the melt) [9].

For the melting of aluminium, SiC and Al203 contact angles are emphasised by
several authors, as reported by BABCSAN [4], according to the conclusions of Laurent
and also according to the researcher Shen. The range of contact angle varies from 60
to 90°. KENNEDY [10] studied the effect of a contact angle of 98° on TiB:2 particles in
pure aluminium at 900 °C. As it is known from metallurgy and smelting of aluminium,
when the temperature reaches 780 °C, Al2O3 oxides are intensively formed on its
surface. According to CAPTAYE [9], for non-oxidized melts, the contact angle between
the melt and the TiB:2 particle can be a very small wetting angle.

Experiments have been carried out, as reported in [4], using TiB2 patrticles in the
production of aluminium foam by gas foaming from an external source into a 700 °C
AISi10 aluminium alloy melt. 15 wt. % of TiB2 with a particle size of 3 to 6 um was
added to the melt. It was found that TiB2 was not an effective stabiliser for the
production of this aluminium foam, as illustrated in Fig. 5.23. Fig. 5.23 shows the
irregular residues of the metal foam bubbles produced by the foaming of the AlSi10
alloy containing the stabiliser particles (15 wt. % TiB2 particles of size 3 to 6 um),
observed by light microscopy.

In the production of this foam, TiB2 particles were found to fall out of the bubble
surfaces, leaving significant amounts of TiB2 on the melt surface.
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Fig. 5.23 Irregular bubble residues of aluminium foam from AISi10 alloy with the presence of
stabilising TiB- particles, determined by light microscopy), [4]

Research shows that not only the chemical composition of the particles but also
other influences (or the presence of other particles among the particles of stabilizing
agents) can affect the quality of metal foam production.

5.5.2 Effect of reaction layers on particles

Monitoring of the effect of reaction layers on stabilizing particles was carried out
during the production of aluminium foam by MMC method, respectively Duralcan
method - by injection of external gas into the melt. For this purpose, a melt of aluminium
alloy AlSi0.8Mg0.8 and 10 vol. % of stabilizing agent Al203 was used. As can be seen
in Fig. 5.24 (left), thicker aluminium foam cell walls were formed with more aggregated
Al203 particles than was the case with the modified MMCs method, which used the
aluminium alloy AlSi10Mg (with a higher Si/Mg ratio) and 12.5 vol. % Al203 stabilizing
agent, see Fig. 5.24 (right).

HV: 25.0 kV DET: BS Detector

HV: 25.0 kV —
Satellite “Tescan DATE: 07/0502 100 pmy Satellite Tescan DATE: 120502 100 pm

Fig. 5.24 Cell wall section of an aluminium foam (with a cluster of Al,O3 particles coated with
spinel Al.MgQO4) from an alloy with a low Si/Mg ratio, SEM, left;
Section through the wall of an aluminium foam cell (Al,O3 particles are free of spinel
Al MgOg4) in a high Si/Mg ratio aluminium alloy, SEM, right, [4]
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Particle sections on cell walls showed that a spinel layer (Al2MgOa4) forms on
alumina particles for low Si/Mg ratio (see Fig. 5.25, left). If more Si is present in the
aluminium alloy, then the assumption is that a spinel Al2MgOa4 layer will not form on the
Al20s3 particles, resulting in thinner cell walls with inhibition of cluster formation. Local
conglomeration of Al2Os3 particles was observed in the cell wall section (MMC method),
which increases the cell wall thickness (see Fig. 5.26). SiC particles, identified by EDS,
are visible on the cell wall surface.

It has also been shown that SiC loses its stability capability with the amount of melt
superheat. XRD analysis showed that Al4«Cz BABCSANE formation occurs at high melt
temperatures [11]. The formation of carbide on the surface of the stabilizing particle
can affect the contact angle between the particle and the melt. This may take it out of
its area of action. Regarding the effect of the straining process and the type of gas for
the straining process (MMCs, Duralcan). It was found that the stability of metal foam
depends not only on the properties of the stabilizing particles but also on the gas used
for the foaming process. If the gas is hydrogen, which is used in the production of metal
foams by powder metallurgy with the use of a foaming agent, which is usually TiHz, it
IS necessary to take into account the fact that the thin films of the gas cell walls often
break and the resulting foam collapses.
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Fig. 5.25 Spinel Al;MgQa, on the surface of an A;lO; particle in an aluminium foam cell wall
with a low Si/Mg ratio, SEM (left); Al.O3 particle without spinel
in an aluminium foam cell wall with a high Si/Mg ratio, SEM (right), [4]

Fig. 5.26 Cell wall section of aluminium foam (made from Duralcan MMCs, foamed with air),
presence of stabilising SiC particles with the addition of Al,O3z, SEM [11]
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The basic parameters for the production of stable metal foam can be divided into
two groups. The role of solid inclusion (i.e. particles and or thin non-metallic films) is
important. Furthermore, the role of surface skin formation. The role of surface skin
formation has been investigated in the literature for metal foams produced by gas
injection as reported by BABCSAN [4]. In this chapter, the effect of solid inclusions on
the stability of the foam is considered. Based on the research, it can be concluded that
solid inclusions affect the stability of foam due to their wettability, shape
and their distribution in the melt (network formation, clustering or segregation). In
addition to particle concentration and size, recent research has shown that both the
composition of the stabilizing particles and the composition of the metal melt affect the
stability of metal foams. It is assumed that not only the composition of the melt
and its temperature, but also the possible effect of other technological influences,
BABCSAN [4], affect the behaviour of the stabilizing particles.

205



6. CHARACTERISTICS OF PHYSICAL AND MECHANICAL
PROPERTIES OF CELLULAR METALLIC MATERIALS

6.1 Physical properties of metals for the production of foamed materials
6.1.1 Bulk weight of foamed material

The volume weight of the foamed metal material is one of the important physical
guantities of the foam, which influences other quantities and their values, such as the
value of mechanical properties and the total weight of the manufactured part. Through
compression tests, it has been confirmed that the higher the bulk density of the foam,
the greater its stiffness and the more resistant the metal foam is to mechanical
stresses, especially in compression. At the same time, it also depends on other
parameters, such as the thickness of the crust (if the foam has a crust) and the pore
size of the metal foam. In engineering practice, a low bulk density is advantageous.
For example, the bulk density of aluminium foams is in the range of 400 to 600 kg-m-3.
According to ORT [11], and GIBSON [12] research, this range of bulk weights achieves
acceptable results from all aspects investigated. At the same time, it should be noted
that the higher the bulk density of the foam, the higher the total cost of production. For
example, a foam product with a surface crust made of AlSi12 alloy with a volume
weight of 400 kg-m-3, in the shape of a cylinder & 50 mm x 100 mm, produced by LKR,
currently has a price of about 5 €. This considers piece production without the need for
a new foaming mould.

6.1.2 Foam packing size (crust thickness)

The surface coating, or crust, significantly affects the properties of the foam. This
envelope is achieved by a suitable choice of foam production technology (the last stage
of production involves very rapid cooling of the foaming mould). For example, foam
produced by blowing foaming gas into the melt does not have this crust. The size of
the crust of the foamed part cannot be determined in advance. The overall size of the
part has a significant influence on the size of the crust. The larger the part, the greater
the thickness of the crust. The size and effect of the crust on the properties of powder
metallurgy foams were investigated by ORT [11], and it was concluded that in the case
of the specimens for the compression test, which were in the shape of cylinders & 50
x 100 mm, the crust thickness was 0.18 mm. It can be concluded that a crust thickness
of 0.18 mm is the minimum value of the foam part envelope [11]. It is not possible to
produce castings with a smaller crust thickness. For example, according to [10], at
Leichmetall - Kompetenzzentrum (LKR) Ranhofen, a foamed magnesium alloy part
was produced by the vacuum method (molten scrap is poured into the crucible, and
the foaming is carried out using a vacuum). The foamed part follows the shape of the
mould (which in this case is the crucible in which it is foamed). The resulting foamed
part had dimensions of @ 80 x 150 mm, and the thickness of the crust was about 20
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mm, which is a significant increase over the AlSi1l2 foam part that was produced by
powder metallurgy.

By using a certain technology, the thickness of the foam packaging can be
significantly reduced. The thickness of the shell (crust) has a significant effect on all
the variables and their values that are examined on the foamed part. The assumption
is that the greater the thickness of the crust (foam cover), the higher the mechanical
values of the foamed part. This is particularly important when examining foamed parts
for automotive applications.

6.1.3 Amount and cell size of foamed material (porosity)

The amount and size of the gas cells of the produced foam (porosity) are also an

important physical quantity that defines its behaviour and mechanical properties. The
cell size of the foam can be influenced by the production technology. The range of cell
size and quantity is typically between 60 % and 80 %. For the production of metallic,
rep. aluminium foams by powder metallurgy, a porosity value of around 80 % is typical.
Again, there is a direct proportionality: the higher the porosity of the foam produced,
the lower its total weight, but at the same time, the mechanical property values
decrease in direct proportion.
Pore size plays a major role, especially in compressive stress testing of strained
material. The findings of [11] show that when compressive tests (compression tests)
were performed on a foam sample with 81% porosity, the following conclusion. When
using samples with lower porosity e.g. 60 %, the gas cells (pores) of the foam are more
condensed and have a smaller volume, but the total number of cells is higher. This
internal structure of the foam has a significant effect, especially on the higher velocity
in the compression test (1 m-s** and higher loading velocities). In the compression test,
the specimens deform, especially along the cell boundaries and the resulting strength
of the whole foam is affected. If the foam specimen had approximately 20 % more gas
cells, the deformation could proceed along the foam crust, and thus, the deformation
would not damage the internal structure of the foam part as much. This phenomenon
can be observed when the foam is loaded with a pressure of 1 m-s?, where the
thickness of the crust plays an even greater role. If the test specimen had a crust
thickness of at least 0.5 mm, this would be a sufficiently rigid surface for the internal
cell structure. This suggests that the resulting foam stiffness could more than double.
However, this claim needs to be verified by further experimental tests.

6.2 Prediction and determination of metallic cellular material values
6.2.1 Determination of the bulk density of cellular materials

The bulk density of cellular systems (foams) is determined by physical calculation
according to a known relationship:
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p=7 lkg-m, (6.1)

where: V is the volume of the foam sample [m®] and m is the weight of the foam sample
[ka].

From formula (6.1), the specific gravity can be determined directly by finding the weight
of the body m by weighing and, at the same time, finding the volume V of the body. For
simple geometric shapes, the volume can be found by calculating the measured length
dimensions of the solid.

In other cases, the volumes of the bodies are determined from direct measurement of
the volumes of the liquids. Into these liquids are immersed the observed bodies on
which the volume is determined. It is necessary to have the liquid in a graduated
container (e.g. a graduated cylinder). However, if a volumetric vessel must be used to
determine the volume, the direct method of determining the specific gravity tends to be
inaccurate (the relative error in measuring the volume is usually 1 % or more; the
accuracy of weighing, which is around 0,1 %, remains unused). Therefore, for more
accurate monitoring of specific gravity, the low-precision direct method is replaced by
indirect methods, the so-called second weighing (the task is also called hydrostatic).
The hydrostatic method is a method suitable for determining the specific gravity of
irregularly shaped bodies. It is based on the validity of Archimedes' law. The
measurement consists of weighing the body twice on a modified laboratory balance.
The first weighing of the body under examination is carried out in the air, the weight
being denoted by m,.

For balance in the air:

Vog-(o—pyy=my-g-(1-2), (6.2)

where: p is the observed density of the body [kg-m=]; V is the volume of the observed
body [m3]; pv is the density of the air [kg-m3]; pz is the density of the weight
[kg-m-3]; mv is the mass of the body determined by weighing it in air [kg].

In the second weighing, the test object is completely immersed in a liquid of known
density ox. The most commonly used liquid is distilled water, the specific gravity of
which is tabulated. The body is balanced with a weight of weight m.

For balance after the second weighing can be written:

Vog-(o—po=me-g-(1-2), (6.3)

After mathematical modifications of equation (6.3), a relationship can be established
to determine the density of the observed body:

p= (w) (6.4)

my—mg
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where denotes: pk is the specific gravity of known liquid [kg-m3]; mk is the weight of
known weights when weighed in liquid [kg]; pv is the specific gravity of air [kg-m-3]; mv
is the weight of known weights when balanced in the air [kg].

6.2.2 Determination of the relative specific gravity of cellular material

Relative specific gravity of foam (oreL) - is the ratio of the density of the foamed material
(aluminium foam - Al. P.) to the density of the unfoamed material (B.M.):

PALP.
)
PB.M.

PREL = (6.5)
where: preLis the relative specific gravity of metal foam [1]; pair. is the relative specific
gravity of foam (porous metal material) [kg-m=3]; pe.m is the density of base (nhano
foamed) material [kg-m3].

6.2.3 Determination of porosity of metallic cellular materials (P)

Porosity (P) is the difference between the density of the unstressed material and the
specific gravity of the stressed material (aluminium foam - Al. P.) to the density of the
unstressed material (B.M.):

p= (PB.M—PALP.) -100 [%]

PB.M.

(6.6)

Table 6-1 shows the empirical relationships for determining the values of the
mechanical property quantities of cellular systems (metal foams), which are divided
into two groups according to the nature of the foam cells (open and closed).

Table 6-1 Relationships for calculating mechanical properties of metallic cellular
systems according to ASHBYHO [2]
Relationships for determining the mechanical properties of metallic cellular materials

Greatness

Foams with open

Foams with closed
cells

Young's modulus of
elasticity E [MPa]

Cells
p

E = (0.1 + 4)Es - (E)Z

p

Ps

P2
E=(0.1+4)ES-[0.5- p—) +03-2
S

Shear modulus G [MPa]

G~—-"-F

G3E
8

Compressibility
modulus K
[MPa]

3
8
K~=11-E

K~=11-E

Flexural modulus E¢
[MPa]

Poisson numberp [1]

0.32+0.34

0.32 +0.34

Compressive strength

OocC
[MPa]

p\3/2
o, =(01+1.0) 0cs" (p_)

S

0, =(0.1+1.0) ocs- [0.5 : (ﬁ)s + (_

Ps

Ps

>]
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Tensile strengthoy
[MPa]

o= (1.1+14) 0o,

o~ (1.1 +14) 0o,

Intermediate fatigue
stressoe [MPa]

oz = (0.5+0.75) - o,

oz = (0.5+0.75) - o,

Deformation to
compaction gp

& = 0.9+ 1.0)- [(1.0— 1.4 - (é) + (%)3]

£p = (0.9 = 1.0) - [(1.0 — 1.4) - (%) + (é)g]

Loss factorn [1]

1 = (0.95 = 1.05) -"SP%‘)S

n = (0.95 = 1.05) -%

Hardness H [MPa]

H= ac-(1+2-£)
Ps

H= ac-(1+2-£)
Ps

Fracture initiation Jic
[J-m~]

p\(3+15)
]IC = (0.1 - 0.4’) : Gy,s : (_)
Ps

p\(13+15)
Jic = (0.1+0.4)- gy 51+ (—)
ps

Because the mechanical values of aluminium foam depend on many factors (e.g.,
specific gravity of the foam, nature of the metal alloy etc.), the relationships for the

calculations in Table 6-1 should be taken as informative.

Table 6-2 Relationships for the calculation of electrical properties of metallic cellular

systems, according to ASHBYHO [2]

Relations for the determination of thermal properties of metallic cellular materials

Greatness

Foams with open
Cells

Foams with closed
Cells

Melting point Tta [°C]

as for unwritten materials

as for unwritten materials

Maximum operating
temperature Tuax [K]

as for unwritten materials

as for unwritten materials

Minimum operating
temperature Tuax [K]

as for unwritten materials

as for unwritten materials

Specific heat capacity cp
kgt K]

as for unwritten materials

as for unwritten materials

Thermal conductivity A
[W-m1.K1]

1.8 A 1.65
) <z <)
Ps As Ps

1.8 A 1.65
) <z <)
Ps As Ps

Coefficient of thermal
expansion o [K?]

as for unwritten materials

as for unwritten materials

Latent heat L [J-kg?]

as for unwritten materials

as for unwritten materials

Relationships for determining the electrical properties

of metallic cellular systems

Electrical resistance R
[108-Q- m]

-1.6 R -1.85
G) <x<()
Ps Ry \ps

-1.6 R -1.85
G) <x=<()
Ps Ry \ps

6.3 Compressive stress test of cellular systems

Due to their cellular structure, the mechanical properties of metallic cellular systems
are different compared to conventional (compact) metals. Therefore, conventional test
methods such as tensile testing cannot be used to monitor the mechanical properties.
The most important test for cellular metallic materials is the compressive test (see Fig.
6.1). Based on this test, the compressive force-path dependence (see Fig. 6.2), and
the compressive strengths of 3 Alporas foam samples were monitored. For the
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compressive test, the compressive stress-strain dependence (see Fig. 6.3a) is very
often given, where 3 regions are visible on the strain curve. In Fig. 6.3b), the area of
deformation work under the so-called "change" curve is indicated.

Fig. 6.1 Compression test of metal cellular systems (metal foams), in this case Alporas
aluminium foam [13]
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Fig. 6.2 Dependence of compressive force and path, while observing the maximum force to
determine the compressive strength of 3 Alporas foam specimens [13]
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Fig. 6.3 Schematic of the stress-strain relationship for aluminium foam

In Figs. 6.3(a) and 6.3(b), there are three significant regions, (1), (11), and (1), which
represent (I) a linear increase in stress at the onset of deformation, (Il) a flat regime of
nearly constant stress, and (lll) a steep increase in compressive stress. This behaviour
was found to be typical of cellular metallic systems (metal foams) with both open and
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closed cell walls. The area under the change curve, Fig. 6.3b represents the strain
ep
work: Qas = [[* 0 - de.

In the first area, the linear increase is not only due to elastic deformation, as it is
of compact metals. In foams, irreversible (plastic) deformations can occur at low
stresses.

The second area shows a gradual increase in compressive stress, which is caused by
homogeneous plastic deformation.

The third area shows a sharp increase in stress, which is caused by the deformation
of the walls of gas cells until the cells gradually collapse. Opposite cell walls begin to
touch each other.

It has been shown that the tensile strength of the foam is almost the same as the
stress at which it corresponds to the second region. Therefore, this stress is used as
the main value of the properties of foams. Due to the particular shape of the curve
(compressive stress-strain), especially the second region, metal foams are able to
absorb large amounts of energy at relatively low stresses (the potential for energy
absorption increases with increasing area under the second region). Metal foams
behave like polyurethane foams, except that their strength or stress is about 30 times
higher at the same level of porosity. It has been shown that there are several factors
that affect the behaviour of foam in compression testing. It is mainly the density of the
foam and the choice of metal alloy.

In Fig. 6.4a) and Fig. 6.4b) are the compressive stress-strain curves of the strained
material made of a magnesium alloy (AZ 31: 3.14% Al; 0.72% Zn; 0.45% Mn; 0.05 %
Si; residual magnesium) with uniform porosity (60%) and the dimensions of the test
specimens were 30 x 30 x 30 mm but with different pore sizes (1.2; 1.5; 1.8 and 2.0
mm) and varying porosities of 60 %, 65 %, 70 % and 75 % (mean pore sizes of about
2.0 mm), [3]. As can be seen from Fig. 6.4, the compressive stress-strain curve for
magnesium alloys also contains three regions. The strength of the second region is
an important aspect for evaluating the energy absorption characteristics of the foam.
As can be seen in Fig. 6.4(a), the second region (middle plateau) stress increased from
approximately 19 MPa to nearly 20 MPa as the pore size changed from 1.2 mm to 1.5
mm, and then decreased linearly with increasing pore size. To maintain porosity, as
the pore size decreases, the number of pores increases, resulting in a smaller cell
edge thickness. For a sample with a pore size of 1.2 mm, the cell margins may be too
small to deliver sufficient melt, which will significantly degrade the mechanical
properties. Therefore, the strength in region Il (plateau) decreases [3].

As for the 1.8 and 2.0 mm samples, the larger pore size will cause inhomogeneous
density in the foams [3], resulting in lower strength of the second region. From Fig.
6.4(b), it can be seen that the strength in region Il decreases with increasing porosity
of the material, which is a characteristic behaviour of metallic foams. The yield
strengths for porosities of 60 %, 65 %, 70 %, and 75 % are 21 MPa, 17 MPa, 13.5
MPa, and 2.3 MPa, respectively.
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Fig. 6.4 Compressive stress-strain diagrams for AZ 31 magnesium alloy material (a) with
different pore sizes (1.2, 1.5, 1.8 and 2.0 mm); (b) with different porosities of 60%, 65%, 70% and
75%, [3].

For foamed materials produced by powder metallurgy, it is clear from research that
the lower the specific gravity of the foam, the longer the second region. At the same
time, it is also clear that the stress in the second region is lower for low specific gravity.
This means that the force or stress increases with increasing specific gravity. Similar
results have been found for other alloys and foams produced by other technologies.
Also, the content of alloying elements has a great influence on the mechanical
properties of the foam. As also shown by research [1], lower stress values are exhibited
by commercially produced foams from pure aluminium. The same behavior was found
for foams produced with other technologies. The compressive stresses of foams with
open or closed cells are almost the same when foams made of the same alloy with the
same specific gravity are compared.

The methodology for compressive strength testing of aluminium foams produced by
powder metallurgy was developed at LKR Leichtmetall-kompetenzzentrum-Ranshofen
GmbH, Austria and is carried out on test rigs. A cylinder-shaped test body & 17 mm,
50 mm long is used. A speed of 0,01 m.min! is recommended for the jaw of the
compression machine, which produces the compressive force (see Fig. 6.5):

In region 1, that is, at low stress, the material deforms almost elastically because the
cellular (cell) walls are elastic. Region 2 is the stable region of deformation under
average compressive loading, the beginnings of twisting, buckling or breaking of the
foam cell walls occur. In region 3, a rapidly increasing compressive load occurs at
which the cell walls collapse in on themselves. For loads at the beginning of the second
part of the load-deflection curve (steady-state level), when significant plastic
deformation begins, the stress can be calculated and defined as the plastic pressure
at which the cellular (cell) system collapses. The area under the curve represents the
energy required to achieve permanent plastic deformation of the aluminium foam. The
amount of energy consumed in deformation up to the point at which the stress on the
specimen reaches its maximum value is important in terms of comparing the ability of
the material to absorb impact energy. This ability is closely related to specific gravity.
When the specific gravity is low, the foam will deform completely before it can absorb
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the required amount of energy. Conversely, when the specific gravity is high, the
compressive stress reaches a critical value at a small deformation.
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Fig. 6.5 Examples of compressive force-deformation curves obtained from tests of aluminium
foams in compression at different densities. The coloured areas represent the energy (W)
required for plastic deformation (W2 > W3 > W3 ) [1].

Fig. 6.5 and Fig. 6.6 show the behaviour of aluminium foams with different densities
(p =440 kg-m3; p =570 kg-m3, and p =810 kg-m3) in compression testing [1]. These
results confirm, as stated above, that the bulk density of the foam, the longer the
second region. At the same time, it is also clear that the lower the foam bulk density,
the lower the stress in the second region.
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Fig. 6.6a) Behaviour of aluminium foams with different densities (p = 440 kg-m™; p =570
kg-m=and pis 810 kg-m™) in compression test, [1]

The surface of the foam also has a significant influence on its characteristic properties.
Metal foam that is covered with a continuous surface (e.g. obtained by casting) has the
character of a sandwich material. In this case, the surface layer acts as
a reinforcement, which increases the strength of the material compared to the foam
itself. This phenomenon is applied, for example, to sandwich material composed of
steel or aluminium plates, with aluminium foam filing the space between them.
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Similarly, the stiffness of the tubes is increased if they are provided with foam filling of
the inner space.

This is because the foam prevents premature compression of the pipe and thus
increases the amount of energy it can absorb. Moreover, in the advanced stages of
deformation, when the foam is fully compressed, it still prevents further deformation.
This implies that a smaller diameter pipe with foam filling has the same absorption
capacity as a larger diameter pipe without foam filling than an empty pipe of even larger
diameter [3]. Fig. 6.6(b) shows the stress-strain relationship for tubes with aluminium
foam inside their compartments of different specific gravity (570 kg-m=3, 490 kg-m3)
and tubes without foam inside it their compartments.

Stress ¢ [MPa]

Strain € [%]

1 - tube with aluminium foam filling (volume weight 0.57 g- cm-3); 2 - tube with aluminium foam filling
(volume weight 0.49 g- cm3); 3 - tube without filling

Fig. 6.6b) Stress-strain relationship for a tube with aluminium foam inside its compartment of
different specific gravity (570 kg-m™; 490 kg-m™) and a pipe without foam inside its
compartment [3]

Fig. 6.7 shows the compressive strain (strain-stress dependence) for aluminium foams
produced by different technologies (Alcen, Alporas, Alulight and Durocel) according to
ANDREWSE [15].
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Fig. 6.7 Compressive stress-strain of aluminium foams for foams produced by different
technologies Alcen, Alporas, Alulight and Durocel, according to [4] and ANDREWSE [15]
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6.3.1 Behaviour of cellular systems in compression test

ORT research [11] focused on determining the appropriate loading rate for the

compression test. Therefore, its tests applied loading rate values in a wide range from
0.001 m-s* up to 20 m-s*. The reason for this was to observe the behaviour of the
aluminium foam with a crust when loaded at different compression speeds.
When loaded at a velocity of 0.001 m-s, the superior ability of the aluminium foam
was evident, with the specimen deforming regularly. As the loading rate increased
during the compression test, the deformation pattern of the foam changed. When
a velocity of 1 m-st was applied, and the sample was already significantly deformed,
but the core, which consisted of a cellular structure, remained together. At a loading
speed of 20 m-s%, the sample was completely destroyed and "crushed" into several
small pieces. The resulting curves, which appear in the compressive stress-strain
diagram, or the path dependence of the compressive force, demonstrate identical
compression curves when all compression rates are used. Of course, the values of the
compression force increase proportionally at higher compressive stresses almost
exponentially.

As the specific gravity of the foam increases, the pressure under which the foam
collapses increases significantly. This can be improved by appropriate heat treatment.
The collapsing method for aluminium foam, the twisting or cracking of the cell walls,
may be influenced by the composition of the base alloy or the heat treatment. Foams
based on the use of an aluminium alloy (e.g. AlSil2) are prone to cell wall cracking
while forming alloys are in turn prone to cell wall bending and twisting.

Initial peaks on the compressive force-trajectory curve were observed on different
alloys using increasing loading rates. At a loading rate of 0.001 m-s%, the "inertial"
property of the foam is likely to be manifested. Initially, a higher force is probably
applied to the surface of the foam than to its internal structure, so the cell surface is
not yet deformed. Fig. 6.8 shows an example of the compressive stress-strain curves
obtained by the ORTEM [11] compressive test at a loading rate of 0.001 m-s? (60
mm-mint) using 3 test specimens & 50 x 100 mm, with a surface crust of 0, 18 mm,
made of AlISi12 aluminium alloy, with a density of 385 kg-m=[11]. Zwick TLIFR250SN,
GTM 4138 transducers, range 20 kN were used for the compression test. Software
Zwick Test Expert v.12.0, MS Excel. The average compressive stress value was
determined to be 0. 263 MPa.

Furthermore, ORT, [11] in the research glued test specimens of aluminium foam with
crust (made by powder metallurgy) between two sheet metal specimens and observed
their fracture toughness.

The term fracture toughness, see Table 6-1, refers to the resistance of the material to
crack initiation and subsequent growth. It is based on fracture mechanics and is
essentially a material characteristic that can be used to calculate the load capacity of
a component with a crack. From a practical point of view, toughness can be
characterised as the ability of a material to absorb energy before failure or before
reaching a certain limit state.
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1 - sample of AlISi12 foam (& 50 x 100 mm, density 385 kg-m-3);
2 - sample of AlSi12 foam (& 50 x 100 mm, density 385 kg-m-3);
3 - sample of AlSi12 foam (50 x 100 mm, density 385 kg-m)

Fig. 6.8 Compressive stress-strain relationship of test specimens £/50 x 100 mm with
a surface crust of 0.18 mm, made of aluminium alloy AlSi12, with a density of 385 kg-m=[11]

Therefore, the fracture type is divided into tough and brittle according to the energy
dependence. Under fast shock loading, most materials can absorb less energy than
under slow loading. As the loading rate increases, the material becomes brittle. The
formation of brittle fractures depends on many factors. The most important are low
temperature, loading rate, material thickness, the presence of indentations or defects,
and material quality.

Table 6-3 lists the mechanical properties of foams that have
been produced by different technologies as reported by ASHBY [2].

The tests carried out by GUDEN and YUKSEL [14] were aimed at monitoring the
compressive strength of closed-cell aluminium foam samples. uThe aluminium foams
were produced by powder metallurgy using a foaming process from powder extrusions
(precursors), the method is patented and called the Franhofer process IFAM, see
chapter 1.1.2.1 and SiC powder with a quantity of 10 wt. % with a patrticle size of 23
um. For this purpose, a foaming agent TiH2 was used in an amount of 1 wt. % with
a particle size smaller than 37um. The process was based on the production of two
different materials. One was produced as a composite using (10 wt. % SiCp/Al), the
other was produced as a non-composite using Al. To produce the composite material,
the appropriate amount of the basic components, i.e. Al powder with 10 wt. % SiC and
1 wt% of the foaming agent TiH2 was mixed. This resulted in the composite, which is
further referred to as 10 wt. % SiCp/Al. The fabricated precursors for the production
of foam samples for the compression test were prepared using plate-shaped
precursors with a size of 70 x 70 x 8 mm. The precursors were pressed in a mould, at
350 °C for 30 min under a pressure of 220 MPa. These precursors were subsequently
loaded into a steel mould (so-called foaming mould) where the foaming process was
carried out at 750 °C. This produced a liquid aluminium foam. After solidification of this
foam in the cooling foaming mould, samples of the cellular material '‘aluminium foam’
were obtained.
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Table 6-3 Values of selected mechanical properties of aluminium foams produced by
different methods as reported by ASHBY [2]

Mechanical properties of aluminium foams produced by different methods

according to [2]

Shinko
Property CYMAT MEPURA Whire ERG INCO
(Alcan) (Alulight) (Alpor) (Duracel)
Material for foam Al + SiC Al-Mg-Si Al-5Ca-Ti | Al1Mg0.8Si+T6 Ni
production
Relative bulk densitypre. 0.02-0.2 0.1-0.35 0.08-0.1 0.05-0.1 0.03-0.04
[1]
Foam cell structure Closed Closed Closed Open Open
cells Cells cells cells Cells

Bulk weightp [kg-m®] 70-560 300-1000 200-250 160-250 260-370
Young's modulus of
aluminium foam E [GPa] 20-2000 | 1700-12000 | 400-1000 60-300 400-1000
Shear modulus G [MPa] 1-1000 600-5200 300-350 20-100 170-370
Compressive strength 40-7000 | 1900-14000 | 1300-1700 900-3000 600-1100
Rmp [MPa]
Tensile strength Rm [MPa] 0.05-8.5 2.2-30 1.6-1.9 1.9-3.0 1.0-2.4
Tensile yield strength - - - - -
Rpoyz [MPa]
Ductility g [1] 0.01-0.02 | 0.002-0.04 | 0.01-0.06 0.1-0.2 0.03-0.1
Modulus of elasticity of 20-3200 | 1800-13000 | 900-1200 60-300 400-1000
volume K [MPa]
Moore's stress omor [MP3a] 0.04-7.2 1.9-25 1.8-1.9 0.9-2.9 0.6-1.1
Poisson's constant 1 [1] 0.31-0.34 0.31-0.35 0.31-0.36 0.31-0.37 0.31-0.34
Fatigue limit oc® [MPa] 0.02-3.6 0.95-1.3 0.9-1.3 0.45-1.5 0.3-0.6
Deformation compaction 0.6-0.9 0.4-0.8 0.7-0.82 0.3.-0,9 0.9-0.94
€D [1]
Fracture toughness K| 0.03-0.5 0.3-1.6 0.1-0.9 0.1-0.2 0.6-1.1
[MPa-m1?]
Maximum operating 500-530 400-430 400-420 380-420 550-650
temperature Tuax [K]
Minimum operating 1-2 1-2 1-2 1-2 1-2
temperature Twn [K]
Specific heat capacity cp 450-460
[J-kgt K] 830-860 910-920 830-870 850-950
Coefficient of thermal 19-21 19-23 21-23 22-24 12-13
expansiona [-10%- K]
Latent heat of fusion L 355-385 380-390 370-380 380-395 280-310
[kJ-kg]
Coefficient of thermal
conductivity A [W-m1-K7] 0.3-10 3.3-3.5 3.3-4.5 6.0-11 0.2-0.3
Electrical resistance R 90-3000 20-200 210-250 180-450 300-500
[108-Q- m]

The samples thus produced were subjected to a pressure test (see Fig. 6.9a) and Fig.
6.9b), and the deformation of their gas cells was observed.
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Fig. 6.9 a) Deformation of aluminium foam samples at different percentage
pressure coating [14]

Fig. 6.9 (b) Deformation of aluminium foam samples with 10 % SiC styling agent
(10 % SiCp/Al) at different compressive stresses [14]

Fig. 6.10 shows the deformed cells of samples produced by powder metallurgy. Fig.
6.10a) is related to Fig. 6.9a), Fig. 6.10b) is related to Fig. 6.9b). In Fig. 6.10b),
deformed aluminium "foam" cells were produced using 10 wt. % SiC are shown.
Compressive deformation of this cellular material resulted in the bending of the cell
walls and, in some cases, cell breakage. It was found that the addition of SiC (10 %)
to produce the composite precursor increased the expansion of the compact aluminium
foam. Compression tests performed on foamed aluminium and aluminium materials
with 10 % SiCp/Al showed [14] that adding SiC induces a more brittle deformation
behaviour of the foam walls compared to pure aluminium foam.

Fig. 6.10 Deformed microstructure of aluminium under compressive loading, a) aluminium
foam, b) aluminium foam with 10 % wt. SiC (10 % wt. SiCp/Al) [14].
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The results showed that the Al foam samples behaved similarly to the foam
with open cells. The composite (10 % SiCp/Al) foam samples exhibited values of foam
behaviour between open and closed cells during cell boring.

KOVACIK et al. [17] researched the mechanical properties of closed-cell aluminium
foam samples at higher temperatures (100 to 550 °C). The aluminium foam samples
were embedded by powder metallurgy using a sputtering agent TiH2. The samples are
shown in Fig. 6.11 and were made using three aluminium materials. Pure aluminium
Al99, 5 %, see Fig. 6.11 (a), AIMg1Si0.6 alloy, see Fig. 6.11 (b) and AISi12 alloy, see
Fig. 6.11 (c). The dimensions of the samples were 8 x 70 mm (i.e. 1960 mm? area).

(a) - pure aluminium AI99, 5 %; (b) - AIMg1Si0.6 alloy, (c) - AlSi12 alloy

Fig. 6.11 Cross-sectional view of aluminium foam specimens (area 1960 mm?) used for
compressive loading at specific temperatures [17]

The specimens were tested on a 10 kN ESH servohydraulic testing machine (ESH
2094, ESH testing Ltd., UK) with a constant crosshead speed of 5 mm-min at the
Department of Materials Science and Metallurgy, University of Cambridge. The heating
of the samples was carried out using a computer-controlled infrared heating furnace.
The samples were heated individually to 100 °C, 200 °C, 300 °C, 400 °C, 500 °C and
550 °C, and the heating rate was 5 °C-min’. Since the thermocouple could not be
placed in the aluminium foam during the experiment to monitor the heating
temperature, it was placed just next to the sample. The temperature stabilization inside
the foam was first checked using a reference foam sample. At a given temperature,
the sample was held at that temperature for 15 minutes before the compression test
began. Fig. 6.12 shows the observed graphical stress-strain relationships for specific
temperatures for the three types of materials used to make the foams: Al 99,5 %,
AIMg1Si0.6 and AlSi12.

Figs. 6.12 a), 6.12 b) and 6.12 c) show the effect of temperature on the compressive
stress-strain relationship up to the macroscopic failure of aluminium foams at constant
specific gravity and strain rate 3-1073 [s™1]. At room temperature, the mechanical and
physical properties of aluminium foams depend mainly on the corresponding properties
of the metal or metal alloy from which the foam is made. It has been hypothesized and
also found that increasing the temperature of the "foam" results in a decrease in its
compressive strength.

The absorbed energy causes an increase in the compaction deformation (the
deformation is extended at relatively constant stress, i.e. the length of the plate) at
a constant specific gravity. The activation energy for the compression of aluminium
foams is dependent on the specific gravity (with a maximum in a certain specific gravity
range) depending on the composition of the foam.
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Stress (MPa)
Stress (MPa)

1-20°C;2-200°C;3-300 °C; 4 -550°C;
4 — 500 °C, viz obr. (c)

(a) - Pure aluminium foam samples, Al 99.5%, specific gravity (308 £ 19) kg- m';
(b) - samples of aluminium alloy AIMg1Si0.6, specific gravity (412 £ 15) kg- m-3
(c) AlSi12 alloy samples, specific gravity (465 + 8) kg- m-3

Fig. 6.12 Stress-strain relationship of aluminium foams with different specific gravity when
heated to the appropriate temperature (e.g. 20 °C, 300 °C, 400 °C and 550 °C),
according to [17]

The characteristic exponent T for the compressive strength of aluminium foams
was also found to be a temperature-dependent variable. The compressive strength
deformation (deformation to macroscopic failure of the foam) is almost independent of
temperature or decreases at constant specific gravity depending on the matrix of the
aluminium alloy. The absorbed energy per unit volume of aluminium foams decreases
significantly with increasing temperature due to a decrease in the compressive strength
value at constant specific gravity.

Foam properties are further affected by anisotropy and heterogeneity of the foam
structure and cell wall imperfections (cracks, voids and fractures) as reported by [18].
MARKAKI [19], in his doctoral thesis, observed the microstructural fracture of cell walls
of foams in tensile testing. He concluded that foam made of AlSi12 alloy breaks due to
tensile rupture and the effect of cleavage fracture. The AIMg1Si0.6 alloy foam behaves
as a tough material. Brittle fractures usually occur when foams made from aluminium
foundry alloys are subjected to compressive stress. Later brittle failure of cell walls in
the pore layers adjacent to the previously fractured layer (cracks grow) leads
to multiple stress drops on the notched stress-strain curve in the "plate” region (Fig.
6.12c). The magnitude of the deformation of the first stress drop depends on the
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average size of the foam gas cells [20]. In contrast, for foams made from forming alloys,
the plastic behaviour of almost all cell walls leads to a subsequent stretching of the
whole foam sample through the weakest bonds, resulting in a smooth "plateau” region,
see Fig. 6.12a) and Fig. 6.12b). With larger gas cell sizes of the foam, e.g. pure
aluminium, see Fig. 6.12, a first stress drop is soon observed in the curves, which is
probably due to some heterogeneity of the gas cells.

6.3.2 Modulus of elasticity of metallic cellular materials

The modulus of elasticity of a material, or Young's modulus, generally represents
the internal resistance of a material to elastic deformation. The higher the modulus of
elasticity, the greater the stress in the material required to produce deformation.
A distinction is made between materials with a high modulus of elasticity and materials
with a low modulus of elasticity. From the stress-strain diagram, in terms of Hooke's

law, ¢ = E-g, wherec is the stress;e is the strain (e.g., relative elongation or relative

shortening etc.), E is Young's modulus. E = 6/¢ ; tga = 6/, which implies that E = tga

. The larger the angle «, the higher the elastic modulus the material should have.

The modulus of elasticity, in combination with the geometry, is an important property
for estimating the stiffness of the finished metal product. The specific modulus of
elasticity (E/p) of aluminium foams is much lower than that of compact aluminium. For
example, the specific modulus of foam made from pure Al99.5 aluminium is about 6
GPa (6000 MPa), while compact pure aluminium exhibits about 70 GPa. When
producing foam from pure aluminium by powder metallurgy, the value of the modulus
is 2.4 GPa (2400 MPa) with a specific weight of foam of 400 kg-m (0.4 g-cm).
Fig. 6.13 shows a diagram of the compressive stress-strain relationship
for a porous material with the region for calculating the Young's modulus E marked,
[12].

Young's
modulus, E

Stress, o

Plateau
— stress, 0,

Energy absorbed
up to densification

1~
|
|
|
Strain, £ T—Demsm‘-::m-:msslr.ar1 Ep

Fig. 6.13 Schematic diagram of the compressive stress-strain relationship for a porous
material, showing the region for calculating Young's modulus E [12]

As shown in Fig. 6.14, the elastic modulus of the foam increases with increasing

specific gravity. This effect appears in foams produced both by powder metallurgy and
by melt foaming.
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Fig. 6.14 Dependence of modulus on specific gravity for commercially produced aluminium
foam (Norsk Hydro method, Norway) [5]

Fig. 6.15 shows the Young's modulus values published by ASHBY [2]. Young's
modulus was measured about the corresponding specific gravity for metal foams (red
bubbles) compared to solid light alloys (purple), steels (dark green), polymers (blue)
and polymer foams (light green).
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Fig. 6.15 Young's modulus values for aluminium foams produced by different methods
according to ASHBY [2]

6.4 Physical and chemical properties of metallic cellular materials
6.4.1 Physical properties

The physical and chemical properties of foams are different from those of compact
metals. However, these differences can provide advantages for some industrial
applications. Due to the cellular structure, the coefficient of thermal and electrical
conductivity is generally lower than that of a compact metal. This is because the foam
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cells are gas-filled and the walls of these cells are the lowest volume fraction of the
respective foam. A far greater proportion of the mass of the foam is made up of its gas-
filled cells (pores). At the same time, the walls of the foam cells are coated with an
oxide layer. It is therefore understandable that the conductivity increases with the
higher specific gravity of the foam.

The thermal conductivity values of the foam are estimated to be 1/10 of the specific
gravity (g-cm3) exhibited by a compact metal of the same alloy. Further processing of
the foam, where oxidation takes place, may lower the thermal conductivity of the foam
even further. The coefficient of thermal expansion is the same as that of the compact
metal, which means that the foams do not lose their shape up to relatively high
temperatures. Due to the low thermal conductivity, the foams can be used as thermal
insulation materials.

Another advantage of metal foams is their excellent sound damping and vibration
absorption. The fineness and homogeneity of the foam's gas cells contribute to
increased vibration absorption. Also, the higher connectivity between the foam air cells
and the open cell walls leads to better sound absorption efficiency. Therefore,
extensive research is being conducted on these foams. For example, Alporas foam
shows
a large sound absorption coefficient, which is equivalent to a glass wave, [3]. The
permeability of various foam media is influenced by the structure and size of the gas
cells (porosity). It is directly proportional to the size of the gas cells for a specific amount
and the size of cells (pores), which is also referred to as porosity, [9].

6.4.2 Chemical properties

Aluminium foams, in particular, are non-flammable and non-toxic. Their corrosion
behaviour is comparable to that of compact aluminium alloys, but research is currently
being carried out to provide further information. It has been found that the oxidation
layer protects the foam against corrosion. At the same time, the foam remains stable
within the pH due to this layer. The foams exhibit pH ranging from 4.8 to 8.5 [8]. An
important observation is that all foam properties depend on the specific structure of the
material. This structure develops during the manufacturing process, and as a result,
the manufacturing process has a great influence on the properties of the foam. Foams
of different manufacturing technologies can have different properties even if they are
made from the same alloy. Therefore, for the application, it is advisable to specify all
the desired properties of the foam and to select the manufacturing technology and alloy
[3].

The characteristics and properties of specific metallic cellular materials (metallic
foams and metallic porous materials) depend mostly on the material used, the relative
specific gravity and the nature of their cells. Furthermore, whether the cells are open
or closed depends on the thickness of the cell walls.
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7. DESIGN AND MANUFACTURE OF METAL CELLULAR
MATERIALS ON THE QUIVER

An excellent project has been funded for the development of science and research
at the Technical University of Liberec (TUL) for the years 2018 to 2022. Excellent
Research. Reg. CZ.02.1.01./0.0/0.0/16_019/ 0000843: "Hybrid materials for
hierarchical purposes". In the area of research objective 2: Metal-based materials and
structures, research activity 01: Cellular lightweight metallic structures was applied.

An important research activity in this project was the formation of an interdisciplinary
team involving the study of special technological procedures and the design and
manufacture of equipment for the processing of light metal materials and structures
(cellular metal structures). Among the most considered materials were aluminium
alloys and zinc alloys.

The main focus of this project was to address the methods of producing metal foams:

a) Monitoring the effects of straining agents in the production of aluminium cellular

materials. Methods of frothing metal melts based on the gas produced by the thermal
decomposition of the foaming agent.

b) Method for the production of metal foams by powder metallurgy PM (metal powder

based and foaming agent powder).

c) Study of properties and theoretical calculations of thermal decomposition and diffusion

properties of straining agents in aluminium and its alloys.

d) Numerical simulation calculations of the foaming process based on direct gas filling

from an external source.

e) Production of metallic porous materials.

f) Experimental foaming of various aluminium alloys with air or argon.

In the course of the project about direct melt foaming, experimental production
equipment was to be designed, constructed and tested. Part of this research activity of
this project was to achieve the production of porous aluminium material. Another
objective of this project was to address the production of porous metallic materials
based on NaCl or other agents forming after solidification of metals
and their subsequent removal, small cavities that cause porosity in the material.

7.1 Monitoring the effects of straining agents on the production of aluminium,
cellular materials

7.1.1 Theoretical calculations of the amount of gas released by the blowing
agents

This research work in our project builds on Chapter 4. As is evident from this

chapter, many metal-based straining agents are used to fabricate cellular metal
systems: TiHz, SrHz, MgH2, and ZrH2 [1,2].
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Calcium carbonate CaCOgs, which is also described in detail in Chapter 4, is a

commonly used foaming agent in production.
When the foaming agent is heated to a suitable temperature, other important
processes occur in the production of metal "foams". These are the decomposition of
the foaming agent to form a gaseous component, its diffusion and the activity of the
gaseous component to form heterogeneous bubbles in the metal melts. The most
commonly used foaming agent production for aluminium foams is titanium hydride.

In the framework of our "Hybrid materials for hierarchical purposes"” ("HYHI")
project, the foaming capacity of the foaming agent was calculated. At the same time,
it is necessary to take into account how much of the respective agent is used in the
production of the metal foam. For example, TiH2 is used for the foam production of 1.5
wt. %. The calculation can be made for 1 kg of metal, e.g. aluminium. The equation of
state can be applied to the calculation:

pV=n-R-T, (7.2)
where: p is pressure (i.e. 101 325 Pa); V is the volume of gas [m3]; n is
several moles [mol]; R is the universal gas constant (R = 8. 314[J-K-1mol]); T is
temperature [K], for the melting temperature of pure aluminium T = 933 K.

In equation (7.1), n = m/M can be substituted for the number of moles:

bV . RT (7.2)

SE

where m is the mass of the foaming agent [g]; M is the molecular mass of the foaming
agent.

For example, the foaming agent TiH2: 0.10 wt. % TiHz2is 1 g; 0.20 wt.% TiH2is 2 g;
1.50 wt.% TiH2 = 15 g. The molecular weight of the foaming agent Mrinz: Ti + 2H2 =
47.90 + 2-1.008 = 49.91 [g-mol].

At the same time, the relative bulk density of the foamed aluminium material can be
calculated:

Vs (7.3)

Tvivg

p

T

where: Vs is the volume of metal to be foamed [m?3], for pure aluminium Vs = 1 kg /
2700 kg-m= = 3.704-104 [m3]; V is the volume of gas released by the decomposition
of the foaming agent [m3].

For the solid state of aluminium, its density can be calculated based on a well-
known physical relationship:
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m
p="1, (7.4)
where: p is solid density [kg-m3]; m is mass of the sample [kg]; V is volume of the raft
[m3].

Thus, for example, to determine the relative density of foamed aluminium, it is
necessary to use relation (7.2). Thus, for example, using a foaming agent of 0.5 wt %,
m =1 g, Mtz = 49.91 [g- mol], one can write:

1 8.314-933

V=—
4991 101325

=1.535-10"3 [m?]

(7.5)

_ 3.704-10™%
Pr = 1535103 +3.70410-3

=1.94-10"1 (7.6)

The density of foamed aluminium (pair.) from aluminium foam can be calculated
using the equation:
Par. = Pr *Ppar = 1.94:1071-2700 =523 [kg - m™3] (7.7)

In the theoretical calculations of the straining effects, the relative bulk weight and
the bulk weight of the strained aluminium material were determined. For this purpose,
the use of foaming agents was assumed: TiHz, SrHz, MgHz, ZrH2, MgCOs and CaCOs.
The calculation of the gaseous effect can usually be expressed per kilogram of
aluminium. Equations (7.1) and (7.2) were used to determine the maximum volume of
gas released from the respective frother. To determine the relative density (7.3).
Further, to determine the density of the respective aluminium foam, equation (7.6) or
its analogous form. The results of the calculations are given in Table 7-1 to Table 7-5.

Table 7-1 Theoretical calculation of the straining effect of titanium hydride for 1 kg
of aluminium

Theoretical calculation of the straining effect of titanium hydride for 1 kg of aluminium
Volumetric
Amount of Gas Volume of Relative weight of
Foaming Gassed foaming volume | solid metal bulk foamed
agent metal agent Y, (aluminium) | density aluminium
[wt. %] [m3] Vs [m3] pr PALF.
[1] [g-cm~]
0.50 0.0077 0.0460 0.124
0.75 0.0115 0.0312 0.084
Titanium 1.00 0.0153 0.0236 0.064
(TiH2) 1.50 0.0230 0.0158 0.043
1.75 0.0268 0.0136 0.037
2.00 0.0307 0.0119 0.032
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Table 7-2 Theoretical calculation of the foaming effect of magnesium hydride for 1 kg

aluminium
Theoretical calculation of the foaming effect of magnesium hydride for 1 kg of aluminium
Amount of Gas Volume of Relative Volumetric
Foaming Gassed foaming volume | solid metal bulk weight of
agent metal agent \Y, (aluminium) | density foamed
[wt. %] [m3] Vs [m?] pr aluminium
[1] PALF.
[g-cm?)]
0.50 0.0145 0.0248 0.067
0.75 0.0218 0.0170 0.046
Magnesium Aluminium 1.00 0.0291 0.0126 0.034
Hydride 1.25 0.0363 3.70-10* 0.0101 0.027
(MgH>) 1.50 0.0436 0.0078 0.021
1.75 0.0509 0.0072 0.019
2.00 0.0582 0.0063 0.017

Table 7-3 Theoretical calculation of the straining effect of zirconium hydride for 1 kg of aluminium

Theoretical calculation of the straining effect of zirconium hydride for 1 kg of aluminium
Volumetric
Amount of Gas Volume of Relative weight of
Foaming Gassed foaming volume | solid metal bulk foamed
agent metal agent \Y (aluminium) density aluminium
[wt. %] [m3] Vs [m?] pr PAILF.
[1] [g-cm]?3
0.50 0.0041 0.0827 0.220
0.75 0.0062 0.0567 0.150
Zirconium 1.00 0.0082 0.0431 0.012
hydride Aluminium 1.25 0.0103 | 3.70-10* 0.0348 0.094
(ZrHz) 1.50 0.0123 0.0292 0.078
1.75 0.0144 0.0251 0.067
2.00 0.0164 0.0220 0.059

Table 7-4 Theoretical calculation of the foaming effect of calcium carbonate for 1 kg

aluminium
Theoretical calculation of the foaming effect of calcium carbonate for 1 kg of aluminium
Volumetric
Amount of Gas Volume of Relative weight of
Foaming Gassed foaming volume | solid metal bulk foamed
Agent metal agent \Y, (aluminium) | density aluminium
[wt. %] [m3] Vs [m?] pr PALF.
[1] [g-cm™]
0.50 0.0038 0.0882 0.238
0.75 0.0057 0.0606 0.164
carbonate 1.25 0.0096 3.70- 10* 0.0373 0.101
(CaCOy) 1.50 0.0115 0.0312 0.084
1.75 0.0134 0.0269 0.072
2.00 0.0530 0.0236 0.064

228




Table 7-5 Theoretical calculation of the foaming effect of magnesium carbonate for 1kg

aluminium
Theoretical calculation of the foaming effect of magnesium carbonate for 1 kg of aluminium
Volumetric
Amount of Gas Volume of Relative weight of
Foaming Gassed foaming volume | solid metal bulk foamed
agent metal agent \Y, (aluminium) | density aluminium
[wt. %] [m?] Vs [m?] pr PALF.
[1] [g-cm~]
0.50 0.0045 0.0754 0.204
0.75 0.0068 0.0515 0.139
Magnesium 1.00 0.0091 0.0391 0.106
carbonate Aluminium 1.25 0.0114 3.70-104 0.0316 0.085
(MgCO3) 1.50 0.0136 0.0264 0.071
1.75 0.0159 0.0228 0.062
2.00 0.0182 0.0199 0.054

Based on the values given in Tables 7-1 to 7-5, the corresponding graphical
dependencies were constructed and are shown in Fig. 7.1 to Fig. 7.3. Fig. 7.1 shows
the graphical dependence of the gas volume on the amount of foaming agent (foaming
agent or superconductor, TiHz, SrHz, MgHz2, ZrHz2, MgCOs and CaCO:3). Fig. 7.2 shows
a graphical dependence of the relative density pr on the amount of the respective
foaming agent. Fig. 7.3 shows the dependence of a densityp on the amount of the
respective foaming (frothing) agent. In both cases, the foaming agents used were
(TiH2, SrH2, MgH2, ZrH2, MgCO3s and CaCO3) in 1 kg of aluminium.

In the case of this work, only a theoretical assumption was made to predict the
behaviour of the foaming agent. The gas released, expressed in V [m?3] by heating the
foaming agent, depends on the type of foaming agent (blowing agent) used for
hydrides TiHz2, MgH2, CaHz, ZrH2 it is hydrogen. For carbonates CaCOs, MgCOs is
carbon dioxide.
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Fig. 7.1 Dependence of the amount of released bulk gas on the amount of
foaming agent
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Fig. 7.3 Dependence of the density of aluminium foam on the amount of foaming agent

From these theoretical calculations of the behaviour of selected straining agents for

the production of metal cell systems, or aluminium "foams", it can be seen that the
MgH: straining agent shows the greatest gas evolution 2 wt. %, the calculated volume
of gas released is 0.0582 [m3]. When using a 0.5 % wt. foaming agent, the calculated
volume of gas released was 0.0145 [m?3].
On the other hand, the CaCO foaming agents showed the lowest volume of gases
released. Using this foaming agent of 2 % wt., the calculated volume of gas released
was 0.0530 [m3]. Using the CaCOs 0.5 wt. % foaming agent, the volume of gas
released was 0.0038 [m?3]. According to practical experience with the production of
aluminium "foams", titanium hydride is most commonly used. Depending on the
technology used, the content can vary from 0.5 to 1 % wt. Thermal decomposition of
the hydrides produces hydrogen, which is the basic foaming agent.
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In addition, the relative bulk density of aluminium foam (pr) and the bulk density of

aluminium foam (p) were determined based on calculations and the use of physical
relationships with respect to the density of aluminium in the solid state and the
appropriate foaming agent.
From the theoretical calculations, it is clear that the most suitable foaming agent is
MgHz2, which leads to the lowest density of aluminium foam. However, a foaming agent
TiH2 with a content of 0,5 to 1,0 % wt. is commonly used in the production of aluminium
foams. For example, for a foaming agent containing 0.5 % wt. TiH2, the relative bulk
density pr = 0.0460 and corresponds to an aluminium foam density of 0.124 [g.cm-3].
The densities of the "foam” produced are also dependent on the production technology.
Density values starting from 0.20 to 0.25 [g.cm3] (produced by the Alporas method) or
from 0.30 to 0.40 [g.cm3] are used according to [3], [4].

As can be seen from the aluminium foam density tables above (p), theoretical
calculations show that higher foaming occurred with higher levels of foaming agent.
For example, using 0.5 % wt. TiH2 at first glance means that half the amount, i.e. 2.5
g of TiH2 powder, is not involved in foam formation. However, the difference may be
due to two factors. The first factor is that the ideal reaction temperature is 933 K (i.e.
660 °C), at which the melting point of aluminium does not occur. The second factor
may be the loss of hydrogen to the surrounding environment.

Observed issues have been published:

NOVA, I. FRANA, K. MACHUTA, J. and . NOVAKOVA. Theoretical Calculations of the
Foaming properties of Powder Agents for the production of Aluminium Foams.
Manufacturing Technology, Vol 19, No. 1, 2019, 119-122. ISSN 1213-2489, Scopus.
NOVA, I. FRANA, K. SOBOTKA, J. SOLFRONK, P. KORECEK, D. a I. NOVAKOVA.
Production of Foaming Process in the Production of Aluminium Faoams.
Manufacturing Technology. 2019, Vol. 19, No. 4. pp. 655-659. 119-122. ISSN 1213-
2489, Scopus.

NOVA, I. FRANA, K. SOLFRONK, P. KORECEK, D. and J. SOBOTKA. Properties of
Aluminium Cellular Materials Produced by Powder Metallurgy Using the Foaming
Agent TiH>. Manufacturing Technology, Vol 22, No. 4, 2022, 444-450, ISSN 1213-
2489, Scopus.

7.1.2 Hydrogen diffusion and its calculations for the foaming process of
aluminium cellular materials

Furthermore, within the framework of our research project "HYHI", theoretical
calculations of hydrogen diffusion processes of selected powdered foaming agents
(TiHz2, CaHz2, MgH2, ZrHz), which can be used for the production of aluminium foams,
were carried out. Hydrogen for the production of metal cell systems in the case of
aluminium "foams" can be obtained by thermal decomposition of titanium hydride,
magnesium hydride, calcium hydride and zirconium hydride. Our main research
objective was to perform hydrogen solubility calculations according to the relationships
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reported by various researchers. In addition, the diffusion of hydrogen in aluminium
was investigated. Calculations of diffusion coefficients were performed. At the same
time, the diffusion paths of hydrogen as a function of temperature were calculated.
and diffusion time. In addition, by calculating the diffusion of hydrogen in solid and
liquid aluminium, the results were obtained for the duration of the expected effect of
the powder supercoolant (0.75, 1.0, 1.25, 1.50, 1.75 and 2.0 % wt.).

7.1.2.1 Solubility of hydrogen in aluminium

The solubility of hydrogen in pure liquid aluminium dates back to the pioneering
work of Ransley, Talbot and others. It is essentially the concentration of hydrogen
usually expressed as ml or cm® Hz for 100 g of aluminium. The solubility of hydrogen
in aluminium and its alloys is variable and can be written down:

H, (gas) & 2H,; (solution in aluminium) (7.8)

The solubility of hydrogen in aluminium and its alloys is variable and depends on
the temperature of the alloy, the chemical composition and the partial pressure of
hydrogen in the surrounding atmosphere. The amount of dissolved hydrogen is
determined in units of cm? per 100 g of metal. This value of 1 cm?® per 100 g of metal
corresponds to a concentration of 0,9 ppm. Aluminium and its alloys show a significant
difference between the solubility of hydrogen in the solid and liquid state. As reported
by ROUCKA, [5] in the solid state at 660 °C, the solubility of hydrogen in Al is only
0.036 cm®100 g. In molten aluminium at 660 °C, the solubility of hydrogen is
0.77 cm?® /100g, about 20 times higher. Other authors, e.g. AMBRIZ [3], give a value
for the maximum solubility of hydrogen in aluminium of 0.69 cm?®/100 g, see Fig. 7.4
(left).

The solubility of hydrogen in aluminium is determined by thermodynamic equilibrium.
This is quantified by Sieverts law. Sieverts law relates the partial pressure of hydrogen
pH2 and the dissolved hydrogen S (solubility) in aluminium.

| N
‘ 3

©

o
n

(=]
i

°

o
o

mlH,/100 g fused metal

L
| A\ 4
o / Melting Temp.

|eo®
el ’
.01
550 600 650 700 750
Temperature (°C)

Temperature, °(

Fig. 7.4 Solubility of hydrogen in pure aluminium according to AMBRIZ [3] (left), according to
Electric Company [1], (right)

S = Ks(T) - \/Duz, (7.9)
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where denotes: S is solubility of hydrogenin the aluminium [cm3 H2-(100 g Al)Y]; Ks (T)
is equilibrium constant for the given metal [cm3 H2:(100 g Al)*-Pa'? ]; prz is partial
pressure of gas in the surrounding atmosphere [Pa].

In the production of aluminium cellular systems, hydrogen is dissolved in the
aluminium. The solubility of hydrogen in aluminium is determined by thermodynamic
equilibrium.

(%) =KD (52) (7.10)
where denotes: S is solubility of hydrogen in the aluminium (liquid or solid); S is atomic
volume in cm?3 per 100 g of material at standard state T = 273 K; P% is standard pressure
101325 Pa (1/100) [cm3g1]; C°is molar unit (1/100) [cm3g?] = 2.1-10°2 [mol-I'] = 8.9-
10 [mol-kg?], the density of molten aluminium is 2.4 g-cm? and density of solid
aluminium is 2.7 g-cm3; Ks (T) - solubility coefficient for the solid and liquid states of
aluminium, according to [6], [7]:

Solid state:
2580
Kg (T) = 1001 +1399), (7.11)
Liquid state:
2760
K (T) = 1007 +2768) (7.12)

where denotes: R is universal gas constant, R = 8.314 [J- mol X K1]; T is temperature
[KI.

By substituting into equations (7.11) and (7.12), for an aluminium temperature of
1000 K it can be determined that Ks (T) for the meltis 1.02 and Ks (T) for the solid state
is 0.066.

Under normal hydrogen pressure (pHz = p°), the equilibrium concentration
approaches 0.77 (0.85) cm?® /100 g, i.e.,7.6-:10* [mol-kg] = 1.8-:102 [molI1], at
a temperature of 700 °C (973 K). The comparison of hydrogen stored in TiH2z with
dissolved hydrogen at equilibrium is very small. Examining equation (7.8), less than
1 % of the hydrogen is dissolved in the aluminium.

Equilibrium concentrations are found roughly at pore interfaces that neglect bubble
surface tension. The outer surfaces of the precursor may have a significantly lower
hydrogen value depending on its partial pressure in the atmosphere
and related to its concentration around TiHz patrticles.

The temperature dependence of the solubility of hydrogen in aluminium at
a pressure of 101 325 Pa can be obtained by applying the van Hoff isobar as reported
by Kalousek [20]:
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d(logKs) _ AH®
il (7.13)

where it reads: AH® is the standard enthalpy of solubility of hydrogen in the aluminium
melt; T is temperature [K]; Ks is the equilibrium constant for the aluminium melt.

Based on the ratio of the respective equilibrium constants and the solubility of
hydrogen in liquid aluminium and the solubility under equilibrium conditions, one can
write:

Ks i

=5 (7.14)
By integrating the van Hoff isotherm equation (7.13) and using equation (7.14) we can
write:

A 0

H
IOgS—E-FC, (715)

where it reads: C is an integration constant; HA® is considered temperature dependent.

Table 7-7 shows the values for the application of the calculation according to equation
(7.15) according to different authors as reported by LIU [8]. Special equipment using
a reference gas is required to determine these values.

Table 7-7 Values for calculating the solubility of hydrogen in aluminium by various
authors, Liu [17]

AHC Constant C SO Reference Sample Author
gas weight calculation
[kcal-molY] [kJ-mol?Y] [1] [m1/100g] [g] [g] methods
5.365 22.45 2.72 0.881 helium 100 TALBOT [9]
5.067 21.21 2.62 0.998 helium 100 OPIE [1]]
5.484 22.95 2.80 0.911 Neon 30-40 RANSLEY [10]
5.921 24.78 3.07 1.026 argon 300 LIU [8]

The work of RANSLEY and NEUFELD [10] in 1948, for the determination of the
solubility of hydrogen in pure aluminium, was the basic work of this research. In 1950,
OPIE AND GRANT [11] concluded that the solubility of hydrogen in aluminium is given
by a general equation:

logio S = — 2+, (7.16)

where denotes: S is the solubility of hydrogen in aluminium [cm?3 per 100 g of metal];
A is a constant that represents the heat of the solution of hydrogen in liquid or solid
aluminium; C is an integration constant.

Table 7-8 shows the equations for calculating log S according to various authors.
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Table 7-8 Equations for the determination of hydrogen solubility in molten and solid
aluminium by various authors

l0gyoS = Ale Entalpie
Number L solution Year of Published
equation Constant A | Constant C AH _ Method publication by
[J. mol]
Hydrogen in liquid aluminium
1 2760 2.796 52 840 Sievert . 1948 RANSLEY et al
method [10].
2 2550 2.620 48 820 Sievert. 1950 OPIE et al.
method [11].
3 3086 2.969 59 080 saturation and EICHENAUER et
extraction 1961 al [4].
4 2713 2.528 51 940 rapid cooling 1967 GRIGORENKO et
al [13].
5 2970 2.817 56 860 rapid cooling 1987 FEICHTINGER et
al [14].
6 2700 2.720 51 690 modif. Sievert. 1988 TALBOT et al.
met. [9].
7 2692 -1.320 - 1995 ANYALEBECHI et
al [13].
8 2980 3.070 57 050 Sievert. 1995 LIU et al.
method [8].
9 2392 2.256 45 800 rapid cooling 1995 IMABAYASHI et
al [21].
Hydrogen in solid aluminium
10 2080 0.788 39 820 Sievert. 1948 RANSLEY et al
method [10].
11 3342 1.961 58 240 saturation and EICHENAUER
extraction 1961 et al [4].
12 3300 2.105 63 180 saturation and 1968 EICHENAUER
extraction et al [18].
13 3340 2.220 63 940 solid state 1979 ICHIMURA et al
extraction under [15].
vacuum
14 5040 4.976 96 490 gradual 1983 HASHIMOTO et
diffusion al [2].
15 3320 2.220 modif. Sievert. 2004 TALBOT et al
method [16].

Note: S is the solubility of hydrogen under standard conditions in cubic centimetres per 100 g of melt.

The values of logio S for the calculation of hydrogen solubility in aluminium according
to ANYALEBECHI [12] differ from other authors mainly in the value of the constant C,
which is -1.32.

7.1.2.2 Computational methods for experimental applications of hydrogen in
molten aluminium in the production of cellular materials

The solubility of hydrogen in the aluminium melt was monitored as a result of our
experiments aimed at monitoring the foaming process in the production of aluminium
cellular systems (aluminium foams). The solubility of hydrogen in the pure aluminium
melt was calculated based on the temperatures required for the foaming technology of
molten aluminium. For these purposes, all available equations (see Table 7-8), were
used to solve for the solubility of hydrogen in molten aluminium.

The calculated log S and S values are shown in Table 7-9. Table 7-10 shows the
calculated log S and S values for the solubility of hydrogen in solid aluminium.

Table 7-9 Calculated values of the solubility of hydrogen in pure aluminium melt (log S
and S) based on values from different authors
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Monitoring of hydrogen solubility in aluminium melt [cm-/100 g Al]
Calculation

Calcul 933 K 943 K 953 K 963 K 973 K according
number 660 °C 670 °C 680 °C 690 °C 700 °C to

log S S log S S log S S log S S log S S reference
l. -0.158 0.695 -0.127 0.746 -0.096 0.802 - 0.066 0.859 -0.037 0.918 [10]
1. -0.113 0.771 -0.084 0.824 - 0.056 0.879 -0.028 0.938 -0.0007 0.998 [11]
1. -0.338 0.459 -0.303 0.498 -0.268 0.540 -0.234 0.583 -0.202 0.628 [12]
V. -0.380 0.417 -0.349 0.448 -0.319 0.480 -0.289 0.514 -0.260 0.550 [14]
V. - 0.366 0.431 -0.333 0.465 -0.299 0.502 -0.267 0.541 -0.235 0.582 [15]
VI. -0.174 0.670 -0.143 0.719 -0.113 0.771 -0.084 0.824 -0.055 0.881 [g]
VII. was not counted [13]
VIII. -0.124 0.752 -0.090 0.813 -0.057 0.877 -0.024 0.946 0.0073 0.983 [8]
1X. -0.308 0.492 -0.281 0.524 -0.254 0.557 -0.228 0.592 -0.202 0.628 [19]

Table 7-10 Calculated values for the solid-state hydrogen solubility of pure aluminium
(log S and S) based on values from various authors

Temperature [*C]

Monitoring the solubility of hydrogen in solid aluminium [cm-3 /100 g Al
Calculation
Calculation 933 K 943 K 953 K 963 K 973 K according
number 660 °C 670 °C 680 °C 690 °C 700 °C to
log S [ log S S log S S log S S log S S reference
X. -2.842 | 00014 | -2303 | 0.0049 | -1.903 | 00125 | -1.595 | 0.0254 | -1.441 | 0.0362 [10]
X|. -3871 | 00013 | -3.005 | 0.0009 | -2.362 | 0.0043 | -1.867 | 00135 | -1.621 | 0.0239 [12]
XIlI. ~3.654 | 00002 | -2.798 | 0.0016 | -2.164 | 0.0068 | -1.675 | 00211 | -1.432 | 0.0370 [22]
X]II. ©3.609 | 00002 | -2.743 | 00018 | -2.101 | 0.0079 | -1.606 | 0.0248 | -1.360 | 0.0437 [21]
X|V. ©3820 | 00002 | -2513 | 0.0031 | -1544 | 00286 | -0.797 | 0.1596 | -0.426 | 0.3750 2]
XV. -3574 | 00003 | -2713 | 0.0019 | -2.075 | 0.0084 | -1583 | 0.0261 | -1.338 | 0.0415 [9]
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Fig. 7.6 Hydrogen solubility in aluminium at different temperatures, calculation performed
according to the equations of various authors

7.1.2.3 Calculation of hydrogen diffusion in liquid aluminium
Monitoring the diffusion of hydrogen in aluminium melt is one of the important
processes in the production of cellular metal systems (metal foams). The diffusion of
hydrogen corresponds very well to the mechanism of hydrogen diffusion, where jumps
of hydrogen atoms are due to thermal activation.
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The diffusion coefficient of hydrogen in aluminium (solid and liquid) can be determined
using the well-known Arrhenius equation:

AH
D =Dy-exp (— ﬁ), (7.17)

where denotes: Do is frequency factor of diffusion [m2.s]; AH is activation enthalpy
[kJ-mol]; R is universal gas constant R = 8.314 [J-K'1.mol], T is temperature [K].

Table 7-10 shows the values needed to calculate the diffusion coefficient of
hydrogen in the solid and liquid state of aluminium (frequency factor Do and activation
enthalpy AH).

Table 7-11 Values for determining the hydrogen diffusion coefficient in pure aluminium

Values for the determination of the hydrogen diffusion coefficient in pure aluminium
Frequency factor | Activation enthalpy Temperature
Do [m?-s7] AH [kJ-mol?] Stages range Reference
[°C]
1.10-10° 40.95 rigid to 660 [4]
1.01-10° 47.70 rigid 450 - 625 [23]
1.90-10° 40.00 rigid 450 - 590 [24]
2.50-10¢ 90.00 rigid 450 - 590 [25]
4.58-106 37.03 rigid 300 - 640 [21]
3.80-10° 19.26 liquid over 660 [12]

Note: Hydrogen diffusion coefficient in the solid state of pure aluminium: D = 0.11 exp (- 9780/RT)
[cm2.s1], [12].

The diffusion path of a hydrogen atom in aluminium can be calculated from the relation

[6]:
l=+VD-t (7.18)
where denotes: D is diffusion coefficient of hydrogen [m?-s2]; t is diffusion time [s].

a) Calculation of the diffusion coefficient of hydrogen in aluminium

To address the decomposition of hydride-based straining agents, calculations of
the diffusion coefficient of hydrogen in solid and liquid aluminium at different
temperatures (20 °C, 100 °C, 200 °C, 300 °C, 400 °C, 500 °C, 550 °C, 600 °C, 610 °C,
620 °C, 630 °C, 640 °C, 650 °C, 660 °C, 670 °C, 680 °C, 690 °C, 700 °C and 720 °C)
were performed. The temperature range from 660 °C to 700 °C can be considered very
important for the production of aluminium ‘foams'. The formula (7.17) and the values
of the corresponding quantities in Table 7-11 were used for the calculation according
to [4] and [12]. The calculated values of the diffusion coefficients for each temperature
and solid and liquid phase, respectively, are given in Table 7-12.

Table 7-12 Values of the calculated diffusion coefficient of hydrogen in aluminium

Calculated values of the hydrogen diffusion coefficient in aluminium
Diffusion
coefficient D Frequency factor Activation Temperature Stages
[m?s7?] Do enthalpy [K] | [°C]
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[m2s] AH [kJ- mol?Y]
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Fig. 7.7 Dependence of the value of the diffusion coefficient of hydrogen in
aluminium on temperature in decadic and logarithmic coordinates.
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Fig. 7.7 Dependence of the hydrogen diffusion coefficient in aluminium on the temperature in
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b) Calculation of diffusion paths of hydrogen in aluminium

According to formula (7.18), the diffusion paths of hydrogen in aluminium were
calculated at different temperatures for time points of 10 [s], 20 [s], 30 [s], 40 [s], 50 [s]
and 60 [s] (see Table 7-13).

Table 7-13 Calculation of hydrogen diffusion paths in aluminium at time instants 10,
20, 30, 40, 50 and 60 [s]

Calculation of hydrogen diffusion paths in aluminium at 10, 20, 30, 40, 50 and 60 s

L =(D-t)"2
Number D Temperature [m]
path [mZs™] [°C] 10 [s] 20 [s] 30[s] 40 [s] 50 [s] 60 [s]
calculation
1 5511-10"% 20 2.348-10° 3.320-10° 4.066- 10°° 4.695-10° 5.250-10° 5.751-10°
2 2.025-10™ 100 1.423.10% 2.012-10° 2.465- 10° 2.846-10° 3.183-10° 3.486-10°
3 3.300-10%° 200 5.746-10° 8.124-10° 9.950- 10° 1.149-10* 1.285-10* 1.407-10*
4 2.025-10° 300 1.423-10* 2.012-10* 2.465- 10 2.846-10* 3.182-10* 3.486-10*
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5 7.291.10° 400 2.700-10* 3.818-10* 4.677-10* 5.400-10" 6.038-10* 6.614-10"
6 1.881-10° 500 4.337.10* 6.134-10* 7.512- 10" 8.671-10* 9.698-10* 1.063-10°
7 2.783.10° 550 5.275-10* 7.461.10* 9.132- 10" 1.055-10° 1.180-10° 1.292:10°
8 3.910-10°® 600 6.253-10* 8.843-10* 1.084- 10° 1.251-10° 1.398-10° 1.532:10°
9 4.150-10°® 610 6.442-10* 9.110-10* 1.116-10° 1.288-10° 1.440-10° 1578-10°
10 4.411-10°® 620 6.642-10* 9.393-10* 1.150- 10°° 1.328-10° 1.485-10°3 1.627-10°
11 4.680-10°® 630 6.841-10* 9.675-10* 1.185-10°° 1.368-10° 1.530-103 1.676-10°
12 5.016-10% 640 7.082:10* 1.001-10°3 1.244.10° 1.416-10° 1.584-1073 1.73510°
13 5.280-10° 650 7.266-10* 1.028-10°3 1.259-10°° 1.453-10° 1.625-103 1.780-10°
14 3.154-107 660 1.776:10° 2.512:10°% 3.076- 10° 3.552:10° 3.971.10° 4.350-10°
15 3.230-107 670 1.797.10° 2.542:10° 3.113-10° 3.594-10° 4.019-10° 4.402:10°
16 3.344-107 680 1.829-10° 2.586-10° 3.167- 10° 3.638-10° 4.089-10° 4.479-10°
17 3.412:107 690 1.847-10° 2.612:10° 3.200- 10 3.695-10° 4.130-10° 4.524-10°
18 3.534-107 700 1.880-10°% 2.659-10° 3.255- 10° 3.760-10° 4.204-10° 4.604-10°
19 3.572:107 710 1.890-10°% 2.67310° 3.274-10° 3.780-10° 4.226-10° 4.629-10°
20 3.690-10”7 720 1.921.10°% 2.71710° 3.327-10° 3.842:10° 4.295-10° 4.705-10°

The results of the calculation of the diffusion paths of hydrogen as a function of
temperature and time during the foaming of aluminium are interpreted graphically, see
Fig. 7.7.

Based on the value of hydrogen diffusion coefficient in aluminium at different
temperatures, the hydrogen diffusion paths at 60 [s] and 120 [s] were calculated.
Based on the calculations, it was determined that the diffusion path of hydrogen in solid
aluminium varies from 1.063-10° [m] at a diffusion time of 60 [s] in solid aluminium at
20 °C to 1.780-10% [m] at 650 °C.
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Fig. 7.7 Calculated values of diffusion paths of hydrogen in pure aluminium in the production
of cellular systems as a function of temperature (left), as a function of time (right)

In the liquid state of aluminium, the diffusion paths of hydrogen range from
4.350-10% [m] at 660 °C to 4.705-10° [m] at 720 °C. At 500 °C this hydrogen path is
1.063-103[m], i.e. 1.1 [mm]. The hydrogen diffusion paths at a diffusion time of 120 [s]
range from 5.49-10% [m] at 20 °C to 2.517-10 [m] at 650 °C. At 500 °C this hydrogen
path is 1.502-10-3[m], i.e. 1.5 [mm]. For a temperature of 500 °C, the diffusion paths of
hydrogen in aluminium differ by about 40 %. In the liquid state of aluminium, these
diffusion paths of hydrogen range from 6.152-10-3 [m] at 660 °C to 6.654-102 [m] at
720 °C. In the production of metal cellular systems (especially aluminium foams) by
powder metallurgy, the thermal decomposition of the foaming agent is of considerable
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importance. These reagents are hydrides. Thermal decomposition of hydrides leads to
the formation of hydrogen gas, which causes porosity (cellularity) of the metal system.

This paper focuses on the solubility and diffusion of hydrogen in pure aluminium
and is the basis for the theoretical knowledge of aluminium foam production. In powder
metallurgy for the production of aluminium foams, hydrogen is a product of the thermal
decomposition of the frothers (TiH2, SrH2, MgH2, etc.). Hydrogen is a very important
simple diatomic gas. It has different solubility in the solid and liquid states of the
respective metal.

The solubility of hydrogen in metals increases with increasing temperature
(dissolution is an endothermic process). This means that the solubility of hydrogen in
aluminium and aluminium alloys is variable and dependent on temperature, chemical
composition and the partial pressure of hydrogen in the surrounding atmosphere.
Aluminium and aluminium alloys show a significant difference between the solubility of
hydrogen in the solid and liquid states. As reported in [26], in the solid state at 660 °C,
the solubility of hydrogen in Al is only 0.036 cm 2 /100 g of aluminium. In molten metal
at 660 °C, the solubility is 0.77 cm? /100 g of aluminium, that is, about 20 times higher.
According to AMBRIZA [3], the solubility of hydrogen at 660 °C is only 0.69 cm? /100
g of aluminium. According to OPIE [11], the solubility of hydrogen in liquid aluminium
is 0.77 cm3/100 g of aluminium. According to RANSLEY [10], in the liquid state the
solubility of hydrogen in liquid aluminium is 0.695 cm?/100 g aluminium and according
to TALBOT [6], in the liquid state the solubility of hydrogen in liquid aluminium is
0.67 cm?/100 g aluminium.

The diffusion paths of hydrogen in liquid and solid aluminium were also investigated.
It was confirmed that at low temperatures with short diffusion times, the diffusion paths
of hydrogen are very small (20 °C, 10 s) is 2.35-10° [m]. With increasing temperature
and time the diffusion paths increase (660 °C, 10 s) is 1.8-10 [m], (720 °C, 60 s) is
4.7-10°3 [m].

When producing a sample of a cellular metal system that is a few centimetres long,
the hydrogen transport time requires a relatively long time. This is a rather important
observation. Therefore, in powder metallurgy for the production of aluminium foams, it
is necessary to ensure the homogeneity of the foaming agent throughout the volume
of foamed material produced.

Observed issues have been published:
NOVA, I. FRANA, K. JELINEK, M. Physical metallurgical of diffusion and solubility of
hydrogen to determine its optimal foaming properties for the production of aluminium
foams. (Ready for publication in 2025).

7.2 Production of porous aluminium materials using sodium chloride and
evaluation of their physical and mechanical properties

In the framework of the excellent project OP VVV: Excellent Research. CZ
.02.1.01./0.0/0.0/16_019/ 0000843: "Hybrid materials for hierarchical purposes"”
(research objective 2: Metal-based materials and structures, within research activity

240



01: Cellular lightweight metallic structures) We dealt with the production of porous
aluminium materials.

7.2.1 Application of foundry technology and its verification

The design of the technology took into account all the difficulties of melting
aluminium alloys, including its high affinity for oxygen. For the preparation of porous
aluminium material, a combination of the foundry method and the use of filler material
was used. This material was sodium chloride with a particle size of 2 to 3 mm (see Fig.
7.8).

Production of aluminium porous by the foundry method

A special preparation was used to produce a porous aluminium alloy, with a cavity
@ 60 x 100 mm, see Fig. 7.9, which was filled with a defined amount of "filling material",
i.e. sodium chloride. A cylindrical sample of aluminium alloy AlSi12 was also inserted
into the jig. The jig was placed in a classic resistance furnace. The furnace was heated
to 850 °C.

Fig. 7.8 Sodium chloride used for the production of porous aluminium

Prior to insertion into the furnace, the bolts and nuts on the fixture were treated with a
graphite release material so that the fixture could be easily loosened and disassembled
after the formation of the porous aluminium system. EN AC - 44300 aluminium alloy
(AISI 12) was used for its production, the elemental content is given in Table 7-14. The
chemical composition was identified by Bruker Q4 Tasman spark emission
spectrometer.

Table 7-14 Chemical composition of the aluminium alloy used
Chemical composition of alloy EN AC 44300 (AlSi12) [wt. %]
Si Fe Mn Cu Zn Ti \Y Mg At Pb Al
11.9 0.45 0.41 0.05 0.11 0.10 0.008 | 0.001 | 0.005 | 0.005 | 86.96
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Fig. 7.9 Preparation and furnace for the production of porous aluminium systems

The experiments carried out at our workplace are among the first ones, therefore non-
standard conditions for the production of porous pure aluminium were observed. As
can be seen from Fig. 7.10, the method chosen did not produce the expected results.

Fig. 7.10 Compact AISi12 alloy specimen taught for foaming and fabricated porous AlSi12
alloy specimen

This experiment confirmed that the production of aluminium porous materials using
sodium chloride is only possible using melt infiltration between sodium chloride grains.
In the framework of the project, a different technology was applied.

7.2.2 Production of an aluminium porous system by pressing the melt between
the grains sodium chloride

Due to previous production failures, further experiments were based on the use of
melt pressure, which was forced into the cavity of a foundry mould filled with sodium
chloride. The foundry mould (see Fig. 7.11), is made from EN 1.2343 steel (CSN
19 552), with a cavity of & 60 x 50 mm. It was necessary to develop the necessary
methodology to ensure homogenisation of the salt distribution in the mould. The melt
was melted in a graphite crucible, and a classic resistance furnace was used for
melting. To produce the cellular aluminium system, or porous aluminium alloy AISi 12,
the mould was preheated to 200 °C and 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; a pressure of 100 MPa was developed.

242



Fig. 7.11 Equipment for pressing the melt into a mould with sodium chloride

After solidification, the casting was cut transversely and placed in a water bath to
dissolve the salt. Next, the weight of the produced porous sample was monitored
with a thickness of 10 mm. The macrostructure of the cross-section is shown in Fig.
7.12.

Fig. 7.12 Macrostructure of a porous sample of aluminium alloy AISi 12,
260 x 10 mm, left; aluminium alloy cut by EXXENTIS, right;
cross-section through the manufactured sample, bottom

Furthermore, the porosity of the fabricated AISi12 alloy sample was observed using
an Olympus DSX 500 microscope. Fig. 7.13 shows the porosity at different locations
in the cross-section of the sample.

Fig. 7.13 Section through a fabricated porous material of aluminium alloy AlSi 12, viewed
with an Olympus DSX 500 microscope, magnified 10 times

Fig. 7.14 shows a plan view of the porous aluminium alloy material AlSi12.

243



Fig. 7.14 Porosity of aluminium samples cut out from the surface of the sample circle
determined with an Olympus DSX 500 microscope

7.2.2.1 Evaluation of the properties of porous aluminium alloy AlSil12

For the evaluation of the properties of the produced porous aluminium alloy system,
a methodology for the determination of the relevant physical-material characteristics
or the relevant quantities was developed. The evaluation of the fabricated aluminium
porous materials concerns the determination of these quantities:

a) Determination of the bulk density of the porous material (pa.r.) - is done based on
a physical calculation, according to a known relationship

Parp, = AL (7.19)

)
Vaip.

where: paip. is a bulk mass of porous material [kg-m3]; maip. is mass of porous material
[kg]; Vaip. is volume of porous material [m2].

b) Determination of the relative bulk density of porous material (pr)

pg = AL (7.20)

)
PB.M.

where: pris a relative bulk mass of porous material [1]; p aip. is @ bulk mass of porous
material [kg-m]; p s.m (a is density of base material without porosity [kg-m-3].

c) Determination of the bulk density of a discretised structure of porous material

-V
parp, = CEMALE (7.21)

VB.M.

where it reads: Vaip is the volume of porous material [m3]; Ve.wm. is the volume of base
material without porosity [m?].

d) Determination of the porosity of the material (P)
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The porosity of a material is the ratio of the difference in density of the base material
and the porous material (porous aluminium Al. P.) to the density of the base (non-
porous) material (B.M.):

p = (22MPAr). 100 [%] = (1 —242) - 100 [%] (7.22)

PB.M. PB.M.

e) Determination of Young's modulus of elasticity in the tension of porous aluminium
material AlSil12, according to [1] and [2]

Eyp, = k-Egy. - (pM'P')m» (7.23)

PB.M.

where it says: Ea.p. is Young's modulus of elasticity of the strained material [MPa],
Es.m. is Young's modulus of elasticity of the base material [MPa], pa.p. is bulk mass of
the porous material [kg-m3]; ps.m. is density of the base material [kg-m3]; k is constant
for calculating the elastic modulus k is (0.1 to 4), m is the constant for calculating the
elastic modulus mis 2 [2], mis 1.5t0 1.7 [1].

f) Calculation of the thermal conductivity coefficient of porous material AlSi 12

Based on equation (7.24), calculations were performed.

Aarp. = Ap.u- (pAl'P')a; (7.24)

PB.M.

where: Ae.m. is the coefficient of thermal conductivity of the base material AlSi12 (Ag.m.
= 150 W-m'1.K]; a is constant (a = 1.65 to 1.85) [4], a = 2 [3].

Based on equations (7.19) to (7.24), selected values of the properties of the fabricated
porous AlSil2 alloy were calculated. These values are shown in Table 7-15.
The production of aluminium porous systems is associated with complexity and
considerable difficulty in ensuring the homogeneity of structure. These complications
are, to some extent, related to the high affinity of aluminium for oxygen. The methods
described in the literature did not prove successful in our experimental conditions.
Therefore, a non-standard method of pushing the melt into the moulds was resorted to
with the available amounts of NaCl proving to be viable. This method can only be used
when the forming press can be applied with a pressure range of at least 100 MPa.
The values found for the porous material AlSil2 are: bulk density par = 1074
[kg-m-3]; relative bulk densityp reL aisit2) = 0.40; porosity P (AlSil2) = 60 %, Young's
modulus Eap. (AISI1l2) = 3667 [MPa] and thermal conductivity coefficient
AAlP. (Alsit2) = 25 [W-m1.K1]. These values are in agreement, which are presented by
the manufacturers of porous aluminium [5].

Table 7-15 Observed and calculated values of porous material AlSi12

245



Calculation of physical values of porous material from AlISi12 alloy

Features Value
Bulk weight of AlSi12 & 60 x 10 mm (base material)p B.m.aisi12) [kg-m-=2] 2660
Volume AlSi12, 60 x 10 mm (base material) ve.m.(aisizz) [MI] 2.82-10°
Weight AlSi12,& 60 x 10 mm (base material) mB.m.caisi12) [Kg] 0,075
Volume of porous material AlSi12& 60 x 10 mm, V aip. (aisiz2) [M3] 2.89- 10°
Weight of porous material AISi 123 60 x 10 mm mAl.p. (aisia2) [kg] 0.031
Bulk weight of porous material AlSi12& 60 x 10 mm,p aip. (aisi12) [Kg-m-3] 1074
Relative bulk density of AlSi 12 porous material 0.40
2 60 x 10 mm, pRreL (aisiz2) [1]
Porosity of porous material AlSi 12 & 60 x 10 mm, P [%] 60
Young's modulus of porous material AlSi12, & 60 x 10 mm, 3667
Ealp. (aisizz) [MPa]
Thermal conductivity coefficient of AlISi 12X aip. (aisiz2) [W- m1-K1] 25

Note: es.m. (aisizz) - Young's modulus, eaisiz2 = 75 000 [MPa].

Another option for more viable production of aluminium porous materials is focusing
on the use of vacuum and protective argon atmospheres. Again, special equipment is
required for this. As can be seen from Fig. 7.12 on the left, our fabricated porous
structure made of aluminium material (AlSi12 alloy) is comparable to the aluminium
porous material professionally produced by Exxentis.

This issue has been published:

NOVA, I. FRANA, K. SOBOTKA, J. SOLFRONK, P. KORECEK, D. and I. NOVAKOVA.
Production of Porous Aluminium Using Sodium Chloride. Manufacturing Technology.
2019, Vol. 19, No. 5. pp. 817-822.

7.2.3 Production of porous aluminium material by pressing sodium chloride
grains into the aluminium alloy melt when using the new cut mould

This part of the research activity deals with the presentation of the results of long-
term research on the production of porous aluminium materials. As it is known, these
materials are mainly characterized by lower density and corresponding mechanical
properties. Based on the developed methodology, samples of porous aluminium
materials were produced. For this purpose, different sizes of sodium chloride particles
(with an average size of 2, 4, 6 and 9 mm) were used. The most preferred foundry alloy
AlISi12 was used for the production of aluminium porous material. In the experiments,
samples of porous aluminium material in the shape of a cone were produced. The
cavity of the foundry mould was in the shape of a cone (diameters: D = 0.047 m,
d = 0.040 m, height v = 0.040 m). The samples produced were analysed. Their weight
and volume were monitored, and their bulk density and relative bulk density were
calculated. Their porosity was also determined. Based on empirical relationships,
Young's modulus and thermal conductivity values were calculated. The compressive
strength of the selected samples was monitored. The Young's modulus value was
determined from the measured stress-strain curve. The porosity of the fabricated
samples was also evaluated microscopically.
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7.2.3.1 Experimental production of aluminium porous materials

In the experiments on the production of aluminium porous materials using sodium
chloride, the vacuum system (infiltration of the melt between sodium chloride particles,
abroad this method is called SHP Space Holder Particles) was not used.
At our workplace, the Department of Mechanical Engineering Technology, Faculty of
Mechanical Engineering Technical University of Liberec, we also deal with the
production of porous metal materials within the framework of a grant project.
In this case, an unconventional technology based on pressing sodium chloride into the
aluminium alloy melt in a foundry mould was designed and tested for the production of
aluminium porous materials. For this purpose, the aluminium alloy (EN AC-44300)
AISi 12 (melting point approx. 577 °C) with a density of 2650 [kg-m3] was used.

The chemical composition of the AlSi12 alloy used (EN AC-44300) was determined
on a Bruker Q4 Tasman emission analyser (see Table 7-16).

Table 7-16 Chemical composition of aluminium alloy AlISi12
Prescribed chemical composition of AlSi 12 alloy
Si | Fe [ Mn | cu | zZn | T | Vv | Mg | At [ Pb | A
EN AC 44300 (AlSi12) [wt%)]
10.5- | 0.45- | 0.55 | 0.08 | 0.15 | 0.15 -
13.5 | 0.90

Determined chemical composition of AlSi12 alloy
12.1 | 0.43 | 0.46 | 0.04 | 0.12 | 0.10 | 0.007 | 0.001 [ 0.005 | 0.004 | 86.96

For the pressing of sodium chloride, a foundry mould made of EN 1.2343 steel was
used (see Fig. 7.15, left). The working cavity of the mould is of a simple shape,
a conical cone so that samples of the porous system produced can be easily removed
from the mould. A schematic of the conical mould cavity can be seen in Fig. 7.15, right.

The mould consists of four parts, as shown in Fig. 7.16. Cylindrical part: outer

diameter 90 mm, height 110 mm, & punch holes 40 mm, & holes 47 mm for pushing
the porous part out of the mould. Punch: & 38 x 80 mm. Dimensioning pad with cone:
& 100 x 45 mm, cone: & D1 =51 mm, & D2 = 46 mm, height 25 mm.
Two samples of sodium chloride No. | and No. Il were used for the experiments.
Medium-size particles of 3 to 5 mm and 1 to 3 mm were separated from sample No. I.
From sample No. Il, particles of 5to 7 mm and 8 to 10 mm were separated (see Fig.
7.17). In terms of physical properties, the melting temperature of sodium chloride is
important for our purpose of producing porous material, which is about Tmeiting = 801
[°C]; enthalpy of melting AHmetting = 488 000 [J.kg™].

The chemical analysis of both sodium chloride samples was performed by X-ray
fluorescence method, on XRF equipment, Bruker S8 Tiger, Billerica, MA, USA.
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aD

2D =47 mm:2d = 40 mm: h = 40 mm

Fig. 7.15 Diagram of the conical mould cavity

Fig. 7.16 View of the individual parts of the mould

A B C D
(A:8t0 10 mm; B: 5to 7 mm; C: 3to 5 mm; D: 1 to 3 mm)

Fig. 7.17 Particle sizes of sodium chloride for the production of aluminium porous materials

Table 7-17 Chemical composition of NaCl samples used.

Mark Chemical composition of NaCl [ wt.%)]
Samples Cl At Ca S Si K Br
NaCl
l. 58.8 40.7 0.17 0.13 0.08 0.04 0.08
Il. 58.9 40.6 0.21 0.14 - - 0.15

Thermal analysis of materials (TG / DTA - thermogravimetry / differential thermal
analysis) of samples I. and Il. NaCl was performed on Discovery Series equipment, TA
Instruments, New Castle, DE, USA. Both samples (I. and Il.) were heated at a heating
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rate of 10°C/min in flowing air. The results of thermal analysis and differential thermal
analysis of sample | and Il. NaCl are shown in Fig. 7.18.

Deriv. Weight (%/°C)

.........

8273
Time (min) Time (min)
50 &0

,,,,,,,,,,,,,,,,

Temperature (*C) Temoerature (*C)

(a) (b)

Fig. 7.18 Results of thermal analysis of sodium chloride samples Na ClI I. (a)
and NacCl Il. (b).

Sample production was carried out in a mould with a conical cone cavity (see Fig.
7.15). The volume of the conical mould cavity was calculated using a well-known
formula:

V=="m-v-(D2+D-d+d?). (7.25)

A) Determination of sodium chloride and aluminium for the production of
porous aluminium alloy samples, production of porous aluminium material
samples

By substituting the values shown in Fig. 7.15, right, into Equation (7.24), a volume
(V) equal to 5.689- 10 [m3] was calculated. In the production of the aluminium porous
material, it was assumed that 50% of the mould volume (V) would be filled with
aluminium alloy (AlSi12), and 50% of the mould volume will be filled with sodium
chloride (NaCl). It can be calculated that the volume for the alloy is:

VSLIT = 05 ) V = 2987 * 10_5 [m3], (726)
Vyact = 0.5V =2.987-1075 [m?3]. (7.27)

A well-known physical relationship was used to calculate the mass m of sodium
chloride:

m=p-V, (7.28)

where: m is mass of sodium chloride [kg]; p is specific gravity [kg-m?];
V is volume [m?3].
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Table 7-18 shows the calculated sodium chloride volume values
and melt volume of AlSi12.

Table 7-18 Calculated sodium chloride volume and melt volume AlISil12

Calculation of the mass of sodium chloride
Mass of NaCl mnaci The volume of NaCl Vnaci The specific gravity of NaCl
[ka] [m?] PNac
[kg-m-]
0.065 2.987-10° 2165
Calculation of the weight of aluminium alloy AISi 12
Weight AlSi12 maisii2 Volume AlSil12 Vaisii2 Specific gravity AlSil12 paisii2
[kl [m?] [kg-m=]
0.079 2.987-10° 2650

Aluminium alloy AlSi12 was melted in a graphite crucible in a resistance melting
furnace "Classic". The superheat temperature of the melt was 720 to 750 °C. The melt
was metallurgically treated with refining salts before being cast into the foundry mould,
and after the temperature was measured, the melt was poured into the foundry mould.
Before pouring the melt into the mould cavity, the mould was preheated to working
temperature and treated with a protective graphite spray (Molybkombin UMF T4
spray). A measured amount of AISi12 alloy melt was then poured into the preheated
casting mould, and a measured amount of sodium chloride was poured in, see Fig.
7.19 (left, centre).

The mould with the melt and sodium chloride was then placed under a hydraulic
press, and the sodium chloride was forced into the aluminium alloy melt by the press,
see Fig. 7.20 (right). It is important for the injection that a pressure of about 100 to 150
MPa can be exerted on the salt in the mould. At the same time, the hydraulic press
must be well adjusted for pressing, including the ram parameter setting (see Fig. 7.20,
right). Fig. 7.20 (left) shows the hydraulic press and a detailed view of its monitor, which
gives an overview of the necessary pressing parameters (see Fig. 7.20, centre).

Fig. 7.21 and Fig. 7.22 show porous materials produced using both types of sodium
chloride particles by casting them into the AISi12 melt. The casting of sodium chloride
into the aluminium alloy melt produced a two-phase system. This was followed by
boiling the salt out of the samples at about 110 °C for about 60 minutes. The porous
aluminium samples thus formed were subjected to analysis. Fig. 7.22 shows the
samples that were analysed.
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Fig. 7.19 Filling a foundry mould (mould pressing) with melt (left); a foundry mould
with melt and salt poured into the mould cavity and a view of the mould and the
working parts of the hydraulic press (right)

| NASTAV. PARAMETRLUI BERANL lm

P s [ 9991

LISOVACH SYCHLOST
BERANU (%) 100,0

Doba lsay. (2) 5000’0 68,8
100,0

Sita HY 024y 14,6

Fig. 7.20 View of the hydraulic press and its monitor with the setting of the necessary values
of the pressing parameters

Fig. 7.21 View of fabricated samples of aluminium porous material, AlSi12 alloy,
perspective view (samples 1,2,3,4,5,6, and 7)
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Fig. 7.22 Cross-sectional view of aluminium porous material samples used for analysis and
organization of selected properties (samples 1,2,3,4,5,6, and 7).

The porous material samples produced were analyzed, and physical values were
calculated based on their material characteristics, which are shown in Table 7-19.

Table 7-19 Basic dimensions and bulk weight of fabricated samples of aluminium
porous material

Basic dimensions and bulk weight of the produced samples of aluminium porous material
Basic dimensions of the sample Values for density calculation
Mark Size Density
Sample particles | Average Average Height Weight Volume of the
NacCl D d h samplem | sampleV | sample
[mm] [mm] [mm] [mm] [ka] [m?] p
[kg-m~]
1 9 45.8 41.5 27.00 0.0380 4.012-10° 947
2 6 45.5 41.0 28.30 0.0410 4.159-10° 985
3 6 45.0 42.5 24.10 0.0360 3.622-10° 994
4 6 46.5 42.3 25.00 0.0385 3.870-10° 995
5 4 46.0 44.1 20.45 0.0354 3.258-10° 1086
6 4 46.5 44.1 16.20 0.0285 2.610-10° 1092
7 2 46.3 42.7 22.50 0.0415 3.500-10° 1186

B) Evaluation of the properties of porous AISi12 aluminium alloy material
produced by pressing NaCl into an aluminium alloy melt

For the evaluation of the properties of the fabricated porous aluminium alloy system,
a methodology has been developed which already includes the relationships for the
determination of the relevant physical-material characteristics or the relevant
guantities. These relations are (7.19) to (7.24). The evaluation of fabricated aluminium
porous materials concerns the determination of the density of the porous material
(pair), the determination of the relative bulk density of the porous material (preL) the
determination of the density of the discretised structure of the porous material.
Determination of the porosity of the material (P) - the ratio of the difference in density
of the base material and the porous material (porous aluminium - Al. P.), determination
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of Young's modulus of elasticity and coefficient of thermal conductivity. The determined

values are given in Table 7-20 to Table 7-22.

Table 7-20 Porosity values of AlSi 12 aluminium alloy material produced by NacCl

injection into the alloy melt, samples 1,2

Properties of porous samples: 1, 2

[W-m1-K1]

Marking of samples 1 2
Mean particle size of sodium chloride [mm] 9 6
Density of AISi 12 alloy sample, (base material); p .m.aisizz) [kg-m3]- 2650 2650
The volume of AISi 12 alloy samples, (base material); sample 1: & 44 x 27

mm; sample 2: & 43.25 x 28.3 mm; Ve.wm.aisizz) [MI] 4.103-10° | 4,156-10°
Weight of AlSi 12 alloy samples; sample 1: & 44 x 27 mm; sample 2:

& 43.25 x 28.3 mm; m.s.m.(aisiz2) [Kg] 0.109 0.110
Volume of porous AlSil12; Vp aisit2) alloy samples [m ]3 4.012-10° | 4.159-10°
Weight of AlSi 12 porous alloy samples; mp. aisiz2) [Kg] 0.0380 0.0410
Bulk weight of porous AISi12 alloy samples; p a.p. (aisit2) [kg-m-3] 947 985
Relative bulk density (porous/base) AlSi 12 alloyp reL (aisi12) [1] 0.36 0.37
Porosity of porous AlSi 12 alloy samples; P [%] 64 63
Young's modulus of elasticity of porous AlSi 12 alloy samples; ep.(aisiz2) [MPa] 956 1013
Thermal conductivity coefficient of porous AISi 12 alloy samples;\ p.(aisii2) 27 29

Note: es.m. aisizz) - Young's modulus; eaisiiz= 75000 [MPa]; k =0.1; m = 2; a =1.65

Table 7-21 Porosity values of AlSi 12 aluminium alloy material produced by NacCl

injection into the alloy melt, samples 3,4

Properties of porous samples: 3, 4

Marking of samples 3 4
Mean particle size of sodium chloride [mm] 6 6
Density of AlSi 12 alloy sample (base material);p B.m.aisiz2) [kg-mS] 2650 2650
The volume of AISi 12 alloy samples, (base material); sample 3: & 43.75 x 24.1

mm; sample 4: 44.4 x 25.1 mm; Vs.m.@isizz) [M3] 3.621.10° | 3.884-10°
Weight of AISi 12 alloy samples; sample 3: & 43.75 x 24.1mm; sample

4: B 44.4 x 25.1 mm; m.emaisit) [Kg] 0.0956 0.103
Volume of porous AlSil12; Vp isir2) alloy samples [m?3] 3.622.10° | 3.870-10°
Weight of AlSi 12 porous alloy samples; mp. aisiz2) [Kg] 0.0360 0.0385
Bulk weight of porous AlSi12 alloy samples;p al.p. (aisit2) [kg-m?] 994 995
Relative bulk density (porous/base) AlSi 12 alloyp reL (aisit2) [1] 0.38 0.38
Porosity of porous AlSi 12 alloy samples; P [%] 62 62
Young's modulus of porous AISi 12 alloy samples; Ep. (aisiiz) [MPa] 1055 1060
Thermal conductivity coeff. of porous AISi 12 samples;A p.(aisit2) [W-m21- K1) 30 30

Note: es.m. (aisitz) - Young's modulus; eaisiiz= 75,000 [MPa]; k = 0.1; m = 2; a =1.65

The porous structure of the fabricated samples was observed on a scanning electron
microscope (Vega 3 Tescan, SEM HV 20.0 kV). On this microscope, the interconnection of
open cells in the structure of the individual porous samples made from AISil2 alloy was
observed. Furthermore, EDX analysis was also performed and the chemical composition of
the AISil12 alloy used in the selected sample location was evaluated. In the following section,
the structures of the individual samples from the electron microscop excluding sample 2 (which
was used for the compression test), are shown in Fig. 7.23, Fig. 7.25, Fig. 7.27, Fig. 7.29, Fig.
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7.31 and Fig. 7.33. The EDX analyses of the individual samples are shown in Fig. 7.24, Fig.

7.26, Fig. 7.28, Fig. 7.30, Fig. 7.32 and Fig. 7.34.

Table 7-22 Porosity values of AISi 12 aluminium alloy material produced by NacCl

injection into the alloy melt, samples 5, 6 and 7

Properties of porous samples: 5, 6 and 7

A p.(aisit2) [W-m1-K-1]

Marking of samples 5 6 7
Mean particle size of sodium chloride [mm] 4 4 2
Density of AISi 12 alloy sample (base material);ps.m.aisiz2) [kg-m3] 2650 2650 2650
Volume of AISi 12 alloy samples (base material); sample

5: & 45.05 x 22.45 mm; sample 6: 45.30 x 16.20 mm; 3.258-10° | 2.610-10°5 | 3.500-10°
Sample 7 44.50 x 22.5 mm; Ve.m.aisit2) [MI]

Weight of AISi 12 alloy samples; sample 5:& 45.05 x 22.45 mm;

sample 6:@ 45.30 x 16.20.3 mm; sample 7: 44.50 x 22.5 mm; | 0.0863 0.0691 0.0928
M.s.m.(a1siz2) [KQ]

Volume of porous AlSil12; ve (aisit2) alloy samples [m3] 3.258-10° | 2.610-10° | 3.500-10°
Weight of porous AISi 12 porous alloy samples; 0.0354 0.0285 0.0415
Mp.aisizz) [kg]

Bulk weight of porous AlSi12 alloy samples; 1086 1092 1186
pALP. (aisi12) [kg-m3]

Relative bulk density (porous/base) AISi 12 alloyp reL (aisi12) [1] 0.41 0.41 0.45
Porosity of porous AlSi 12 alloy samples; P [%] 59 59 55
Young's modulus of porous AISi 12 alloy samples; Ep. (aisi12) [MPa] 1260 1274 1502
Thermal conductivity coefficient of porous AISi 12 alloy samples; 34 35 40

Note: esm. (aisit2) - Young's modulus; eaisiiz= 75,000 [MPa]; k = 0.1; m = 2; a =1.65
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Fig. 7.23 View of the structure of the porous AlSi12 alloy material (a), detail of the material

(b); scanning electron microscope (Vega 3 Tescan, SEM HV 20.0 kV), sample 1.
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(@) (b)

Fig. 7.24 EDX analysis and its evaluation with respect to local chemical composition (a),
chemical composition of the AlSi12 alloy used (b); sample 1
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Fig. 7.25 View of the structure of the porous AlSi12 alloy material (a), detail of the material
(b); scanning electron microscope (Vega 3 Tescan, SEM HV 20.0 kV), sample 3 .
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Fig. 7.26 EDX analysis and its evaluation with respect to local chemical composition (a), the
chemical composition of the AlSi12 alloy used (b); sample 3
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Fig. 7.27 View of the structure of the porous AlSil12 alloy material (a), detail of the material
(b); scanning electron microscope (Vega 3 Tescan, SEM HV 20.0 kV), sample 4
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Fig. 7.28 EDX analysis and its evaluation with respect to local chemical composition (a),
chemical composition of the AlSi12 alloy used (b); sample 4
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Fig. 7.29 View of the structure of the porous AlSi12 alloy material (a), detail of the material
(b); scanning electron microscope (Vega 3 Tescan, SEM HV 20.0 kV), sample 5
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Fig. 7.30 EDX analysis and its evaluation with respect to local chemical composition (a),
chemical composition of the AlSi12 alloy used (b); sample 5
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Fig. 7.31 View of the structure of the porous AlSil12 alloy material (a), detail of the material
(b); scanning electron microscope (Vega 3 Tescan, SEM HV 20.0 kV), sample 6
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Fig. 7.32 EDX analysis and its evaluation with respect to local chemical composition (a),
chemical composition of the AlSi12 alloy used (b); sample 6
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(b)
Fig. 7.33 View of the structure of the porous AlSi12 alloy material (a), detail of the material
(b); scanning electron microscope (Vega 3 Tescan, SEM HV 20.0 kV), sample No. 7

(b)

Fig. 7.34 EDX analysis and its evaluation concerning local chemical composition (a), the
chemical composition of the AlSi12 alloy used (b); sample 7

The porosity of the fabricated AlISil2 alloy specimens was also monitored using a
ZEISS METROTOM 1500 CT industrial computed tomograph (model 1500 from
ZEISS, Oberkochen, Germany). The observed structures are shown in Fig. 7.35, Fig.
7.36 and Fig. 7.37. The observed porosity is well related to the particle size of sodium
chloride used for their production. At the same time, the interconnectedness of the
individual cells can be seen in the above figures.
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Fig. 7.35 Example of porosity in selected planes of aluminium porous material, AlSi12
sample 4, evaluated on a METROTOM 1500 CT ZEISS industrial computed tomography
scanner: planes of porous sample section (a); plane section-purple colour (b); plane section -
red colour (c); plane section - green colour (d).
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Fig. 7.36 Example of porosity in selected planes of aluminium porous material, AlSi12
specimen 5, evaluated on a METROTOM 1500 CT ZEISS industrial computed tomography
scanner: planes of porous specimen section (a); plane section - purple colour (b); plane
section - red colour (c); plane section - green colour (d).

Fig. 7.37 Example of porosity in selected planes of aluminium porous material, AlSi12
sample 6, evaluated on a METROTOM 1500 CT ZEISS industrial computed tomography
scanner: planes of porous section (a); plane section-purple colour (b); plane section - red

colour (c); plane section - green colour (d).
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C) Monitoring of mechanical properties of selected porous aluminium materials from
AlSil2 alloy

The compressive strengths of the fabricated specimens were monitored on a TIRA
Test blast machine, see Fig. 7.38, this figure also shows two specimens of the
aluminium porous material AlSi12 after the compressive test (sodium chloride particle
size 5to 7 mm and 8 to 10 mm.

1}

m

Fig. 7.38 Strength measurements on the TIRA Test machine and samples after the
compressive test

The effect of the cavity size on the compressive strength of the material was also
investigated in the context of the porosity of the samples. The compressive strength
values obtained are shown in Fig. 7.39.
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Fig. 7.39 Compressive strengths of aluminium porous materials made from AlSi12 alloy

Porous aluminium materials are most commonly produced by infiltrating the melt
between particles of sodium chloride or other suitable materials. For this purpose, there
must be a specially designed melting furnace with an opening at the top, as well as
a foundry mould which is designed for the introduction of argon and for connecting the
mould to the die. We have developed a methodology for the production of porous
aluminium materials by pressing sodium chloride particles into the aluminium alloy
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melt, as published in this paper. The results obtained confirmed that for pressing
sodium chloride particles into the aluminium alloy melt, a hydraulic press with the ability
to generate a pressure of 100 to 150 MPa must be available. At the same time,
a metallurgical mould is required, the cavity of which is used for the production of test
samples of the produced aluminium materials. This mould must be well heat-prepared
and metallurgically treated, including the use of a suitable separating agent
(e.g. graphite-based) when producing the samples.

The results obtained from the fabricated samples confirmed that porous aluminium
materials with simple geometrical shapes can be produced in this way. In the
fabrication process, we focused on the use of 50 % by volume of sodium chloride and
50 % by volume of AISi 12 aluminium alloy. With the possibility of applying particle
sizes of sodium chloride of 8 to 10 mm; 5to 7 mm; 3to 5 mm and 1 to 3 mm. At the
same time, samples of porous aluminium alloy material were obtained with porosity
from 55 to 64 % and density from about 950 kg-m=to 1190 kg-m.

Experiments have shown that it is necessary to ensure a homogeneous distribution
of sodium chloride particles so that the porosity of the material produced is uniform
throughout its volume. The results have shown that the use of large particles (8 to 10
mm) of sodium chloride is not suitable for the production of small-sized samples,
because the grains often collapse the walls between the cavities of the material, which
also leads to its low Young's modulus value, see sample 1, as confirmed by the
calculated value from the stress-strain relationship, which is about 160 MPa. When
using sodium chloride particles of 5 to 7 mm in size, see sample 2, the calculated value
of Young's modulus from the stress-strain curve is 1027 MPa. The Young's modulus
value calculated from equation (7.23) is 1013 MPa. As can be seen from Fig. 7.39 the
stress-strain curve of porous aluminium material corresponds to that of mild steel.

The curve consists of three areas. The first area is the steep stress curve. The walls
around the cavities are quite solid and contribute to a small deformation. As can be
clearly seen in Fig. 7.39, right. In the second region, the stress-strain curve is more
gradual and less steep with large deformation. The lower strength of the walls around
the cavities already contributes to this deformation.

With increasing tension, the cell walls gradually deform, and the walls collapse
and gradually the porous material begins to compact (collect). In the third region, the
already compact material is deformed, so the stress rises more steeply until its integrity
is broken.

The results of the samples obtained from the experiments have been published:
NOVA, I. FRANA, K. SOLFRONK, P. and D. KORECEK. Monitoring the Influence of
Sodium Chloride Particle Size on the Physical, Mechanical Properties and Structure of
Samples of Porous Aluminium Materials. Manufacturing Technology. 2021, Vol. 21,
No. 1. pp. 109-116.

NOVA, I. FRANA, K. and T. LIPINSKI. Monitoring of the Interaction of Aluminium Alloy
and Sodium Chloride as the basis for Ecological Production of Expanded Aluminium.
Physic of Metal and Metallography, 2021. Vol. 122, No 13, pp. 1288-1300. Pleiades
Publishing, Ldi., 2021. ISSN 0031-918X.
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NOVA, I. FRANA, K. SOLFRONK, P. SOBOTKA, J. KORECEK, D. and M. SVEC.
Characteristic of Porous Aluminium Materials Produced by Pressing Sodium Chloride
into Their Melts. Materials. 2021, 14, 4809, https./doi.org./10.3390/mal14174809.

NOVA, |. JELINEK, M. SOLFRONK, P. and D. KORECEK. Production of Non-
compacted, Lightweight Zinc-Tin Alloy Materials for Possible Storage of Liquid
Hydrogen. Manufacturing Technology. 2024, Vol. 24, Iss. 1. ISBN 2787-9402 (online).

7.3 Implementation of a translational magnetic field for the production of
aluminium cellular materials

As part of the "HYHI" project, a specific plant for the production of cellular aluminium
materials or metal foams was designed (see Fig. 7.40). A metal foam is a specific
material whose base is a metal (usually aluminium or an aluminium alloy) and whose
structure is lightened by air bubbles. Despite this relatively high porosity, it retains the
mechanical properties of the base metal and achieves a high strength-to-weight ratio;
at the same time, it has good thermal insulation properties, the ability to absorb sound
and shock, and to shield certain types of ionising radiation (X-rays, gamma rays and
neutron radiation). The use of this material makes it possible to reduce the weight of
various  components  without  compromising  strength and  durability
and entire structures. This makes metallic foam very useful in several different fields -
construction (e.g. as an insulating building material), transport (reduction of the weight
of vehicles, especially vessels), military industry (production of lightweight yet effective
armour), healthcare (production of lightweight prostheses), aerospace, etc.

Fig. 7.40 Schematic diagram of the equipment for the production of aluminium foam by direct
melt foaming from an external source

The device for producing metal foam, see Fig. 7.40, according to the invention
comprises a foaming vessel 1, which is closed by a lid 2. Filing vessel 1
and all its components are made of a suitable refractory material, such as steel 1.4841
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(AISI314, CSN 17 252), steel 1.4845 (AISI 310, CSN 17 252), quart, etc. A passage
23 is formed in the lid 2 of the filling vessel 1 for a pressure gas supply tube 3 provided
outside the filling vessel 1 with a pressure gas inlet 31 for connecting an unshown
pressure gas source, and a passage 24 for the shaft 4 of the agitator 41 which is
connected to the actuator 42 arranged outside the filling vessel 1. In the variant
embodiment shown in Fig. 1, the agitator shaft 4 of the agitator 41 is housed for part
of its length in the pressure gas inlet tube 3, so only one passage 23=24 is formed in
the lid 2 of the filling vessel 1.

In a preferred embodiment, the agitator 41 has two superimposed impellers 43, each
comprising four evenly arranged impellers 44 formed of heat-resistant steel. In the
most preferred embodiment, these impellers 44 incline relative to the longitudinal axis
of the agitator shaft 41 of 30 to 45°, and the agitator 41 is arranged in the filling vessel
1 such that the height h of the lower edge of the impellers 44 of its lower impeller 43
above the bottom of the filling vessel 1 is equal to 1/3 to 3/4 of the diameter d of these
impellers 44.

In other embodiments, however, it is possible to use an agitator 41 of any other
design or type — for example, the agitator 41 may comprise a different arrangement
and/or a different number of impellers 43 and/or blades 44, or it may comprise so-
called turbine blades - i.e. blades whose surface is arranged parallel or nearly parallel
to the longitudinal axis of the shaft of the agitator 41, etc.

Around the periphery of tension vessel 1, preferably on the outer side of thermal
insulation 8, electromagnetic coil 10 is arranged and provided with a non-displayed
means for connection to a non-displayed source of electric current. This
electromagnetic coil 10 is preferably arranged along the entire height of the straining
vessel 1. Electromagnetic coil 10 is designed to generate a shifting magnetic field with
a sinusoidal waveform.

7.3.1 Translational magnetic field

A translational magnetic field will be implemented in the above device. The
magnetic field acts on an electrically conductive melt and induces a current j in it. This
force that arises in the melt due to the magnetic field is called the Lorentz force and is
usually denoted by f.. This force causes an imbalance in the melt. As a consequence,
a pressure difference (pressure gradient) is created in the melt, which furthermore,
according to the shape of the vessel (height H and radius R), leads to a movement of
the melt. This movement of the melt in the vessel will influence the behaviour of the
bubble in the melt. Forces are exerted on the gas bubble:

c) lift force Fvz

d) resistive force Fop

e) Lorentz melt force f.

According to the nature of the action of the translational magnetic field:
Vector: Fvz - Fop -fL =0, (7.29)
Fvz +fL-Fop =0. (7.30)
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The translational magnetic field in a cylindrical vessel (of height H and radius R)
can act either upwards at the vessel wall or downwards in the central part of the filling
vessel. Then the Lorentz force on the bubble acts downward (see Fig. 7.41, left).
Alternatively, the translational field may act downwards at the vessel wall and upwards
in the central part of the frothing vessel (see Fig. 7.41, right).

le fL]
Iv I v

Fig. 7.41 Diagram of the buoyancy, drag and Lorentz forces on a bubble
of a gas in a melt

The buoyancy force is calculated:
Fvz=Vs " px '8 (7.31)

The resistance force is calculated:
Fop = 4 m-R-n-v, (7.32)

where: R is the radius of the gas bubble [m]; n is dynamic viscosity [Pa:s;
kg-st-m7]; v is velocity of the gas bubble [m-s™]; Vs is volume of the air bubble [m?3],
assuming the air bubble is spherical then Vs = 4/3-1-R3; pk is the density of the melt to
be gassed [kg-m]; g is the gravitational acceleration [m-s?]; v is the kinematic viscosity
of the melt [m?-s1],v = n/p.

The Lorentz force is calculated:

fi=: Bdo-w-an-R? e, (7.33)

where: o is the specific electrical conductivity coefficient of the melt [m-Q7],
[S ‘m1]; o is the angular frequency [s],0 = 2.n- f, f = 50; Bo is the magnetic field
induction (excluding the effect of fluctuations) [T], [kg-A1-s2]; am is wave number of the
translational magnetic field [m?], am ~ 1, R is radius of the vessel where the
translational magnetic field acts [m]; ez is the unit vector of cylindrical coordinates.

Derivation of air bubble escape velocity in a melt under conditions of

A) Fvz - Foo = 0 (no translational magnetic field);

Vg 'pk 'g=4-mt-R-n-v, (7.34)
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v= § (7.35)
B) A translational magnetic field acts on the bubble in addition to the buoyancy and
drag forces on the bubble:

Fvz + Fop = 0 (a translational magnetic field acts on the melt, a velocity u is established
in the melt which acts against the outflow velocity v).

This is the case when the translational magnetic field causes the melt to move
upwards against the wall of the frothing vessel. This movement contributes to a positive
effect on the development of the gas bubble during foaming. Fig. 7.30 shows
a diagram of the velocities acting on the gas bubble in the melt when a translational
magnetic field is applied.

Fig. 7.42 Diagram of the velocities acting on a gas bubble in a melt

For the technical application of the translational magnetic field, the value of the
criterion number F of the translational magnetic field is decisive.
For small values of the criterion number F of the translational magnetic field (F = 1-102
to 5-10%), the magnetically generated melt flow in the kelin is axisymmetric
and no oscillations in the melt velocity field occur. This fact can be advantageously
used in melt foaming (in a cylindrical vessel of height H and radius R) to achieve good
homogenization of the ceramic particles necessary to increase the melt viscosity. At
the same time, the velocity field thus created also influences and positively generates
and refines the size of the gas bubbles as they exit to the melt surface
and also homogenises the melt temperature.

The melt flow velocity depends on the intensity of the magnetic induction of the
translational magnetic field, or the criterion number F of the translational magnetic field:

a-w-B%-am-R5

F= , (7.36)

4-p-v2
where: o is the specific electrical conductivity coefficient of the melt [m-Q7],
[S -m1]; o is the angular frequency [s], ® = 2.%- f, f = 50; Bo is the magnetic field
induction (excluding the effect of fluctuations) [T], [kg-A-1-s2]; am is the wave number
of the translational magnetic field [m], am~ 1, R is the radius of the vessel where the
translational magnetic field acts [m]; p is the density of the melt in which the
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translational magnetic field acts [kg-m-3]; v is the kinetic viscosity of the melt in which
the translational magnetic field acts [m?-s], v =n /p.

At the same time, the value of the translational magnetic field criterion number F is
important for the derivation of the translational magnetic field.

A low value of the magnetic field criterion number F = 1.102to 5-10? is required for
an intense melt velocity in the middle of the vessel (height H and radius R). Conversely,
a higher value of the F-number causes intense melt motion only in the lower part of the
vessel. A translational magnetic field with a magnetic induction value of max. 6 mT was
designed for the device in Fig. 7.40. The calculation of the criterion number F can be
done based on equation (7.36).

_ 4-10°-2-m-50-0.006% - 1-0,03°
B 42380 - (5.65-1077)2

= 361802

The calculated value of the criterion number, F = 361802, is too high. It can be
influenced by a higher viscosity value due to the incorporation of ceramic particles in
the melt, which better conditions the formation of aluminium foam. The kinetic viscosity
value can be calculated:

_ 4-10°-2-7-50-0,006%-1-0.03°
B 4.2380- 1-102

2

1% =1.15-107°

v =V1.15-10° = 3.39-1075 [m2 - s1].

As is clear from the calculation, the kinetic viscosity of the melt should be
3,39-107° [m?-s~1]. Fig. 7.43 shows the simulated translational magnetic field
velocities, where the criterion number F = 1-102.

Fig. 7.43 Simulated translational magnetic field velocities, Criterion number F = 1.102
7.4 Numerical simulation calculation of aluminium melt gassing with air

Within the framework of the grant project "HYHI", it proceeded to perform numerical
simulation calculation of the conditions of gassing of aluminium melt, respectively to
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predict the gas deposition in a two-phase mixture, i.e. aluminium melt and particles
increasing the viscosity of aluminium melt. The effect of gas deposition was studied
concerning different viscosities of the liquids. It was found that the shape and volume
fraction of the bubbles depends on the magnitude of the liquid or aluminium melt
viscosity. Fig. 7.44 shows the structure of the cellular material produced by melt
foaming from an external gas source. The numerical simulation calculations performed
were based on the problem of the two-phase, laminar, non-stationary flow of a mixture
of aluminium melt and gas. The facts about the change of liquid viscosity due to small
particles in suspension were investigated.

Fig. 7.44 Example of a foamed aluminium structure based on direct pouring with air from an
external gas source [4]

The numerical study was focused on the prediction of bubble formation at different
melt viscosity values. The two-phase gas-liquid or gas-melt flow inside a double inlet
cyclone for gas separation was numerically simulated using a discrete phase model,
e.g., in [1]. The numerical approach was verified with experimental data and the results
agreed well when compared with each other. A second example, which presents the
calculation of a dispersed water wave as a compressible mixture of air and water with
homogeneous material properties, was investigated in [3].

The corresponding mathematical equations were based on a multiphase flow model
based on the laws of conservation of mass, momentum and energy and the equation
of advection of the volume fraction of the gas phase. A similar model (based on
equations) was applied in this simulation calculation. The two-phase problem with
porous materials investigated numerically is presented in reference [2].

The solution of the numerical simulation calculation was based on the solution of three
areas:

Area |. presents the problem under investigation and describes the computational area
and the techniques used for numerical simulation. The basic theoretical background is
presented on bubble formation.

Area Il. contains the simulation results and demonstrates the feasibility of the
computational solution used for the two-phase mixture simulation problem.
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Area lll. discusses the main conclusions about the two-phase flow result discovered
through numerical simulations.

7.4.1 Characteristics of numerical simulation calculation

a) Material properties and simulation calculation area
The problem under study is characterized by a multiphase flow, which is a liquid-gas
mixture system. The liquid phase is represented by an aluminium melt
and is defined as a perfect fluid in the numerical simulation. Since the temperature
change in the aluminium melt is relatively small, the bulk mass remains mostly
constant. The second phase is air, which is considered an ideal gas in the simulation.
In the case of different material properties, a multiphase approach was used. Each
component n of the mixture is considered a compressible and non-isothermal
immiscible liquid. The actual material properties of the aluminium and air used are
given in Table 7-23.

Table 7-23 Physical properties of aluminium and air for foaming simulation calculation

Properties of pure aluminium melt
Dynamic viscosity 0.014 Pa-s
Density 2380 kg-m-®
Molar mass 26.98 g-mol?
Prandtl's number 0.07

Air properties

Dynamic viscosity 1.84-10% Pa's
Molar mass 28.9 g-mol?
Heat capacity at constant pressure 1007 J- kg*-K?
Prandtl's number 0.7
Surface tension of aluminium when exposed 0.85 N-m!
to air (temperature dependence)

The computational domain, see Fig. 7.46, is in the form of a cube-shaped container.
The general dimensions are L x B x H, with a size of 0.4 m x 0.4 m x 1 m and a spacing
of 100 x 100 x 120, resulting in 1.28 million hexahedral cells. Boundary conditions are
applied to all sidewalls. A type of input/output boundary condition is prescribed for the
top of the enclosure, which has zero values for all phases except the air phase, for
which the input/output velocity magnitudes are calculated. A parabolic inlet velocity
profile is defined for the lower part of the air phase. The peak flow velocity is constant
0.084 m-s? or varies (if the bubble formation intensity is the objective of the
investigation).

b) Mathematical equations

A volumetric approach (VOF) [1], based on interface application methods, was used to
address the phase-interface interaction. In general, the material properties of
a homogeneous mixture is described by a volume fraction function for phase 1, which
is defined as :
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Qq
0(1 = )
Q1+Q,

(7.37)

where denotes: Qi is phase 1 volume; Q2is phase 2 volume.

Accordingly, the parameter for the second phase can be defined as o2 = 1 - aua.
A simplified two-phase approach can be used to implement the mathematical model
instead of the multiphase model. The volume fraction o represents the liquid or melt
of aluminium. The volume fraction o2 represents a gas (in this case, air).
The mathematical model used for the flow of a two-phase mixture consists of the laws
of conservation of mass, momentum and energy. At the same time, the law of
conservation of mass for each component separately must also be included.
Fig. 7.45 shows a schematic of the computational domain with boundaries. The cube
represents a container where a melt of aluminium is injected with gas. Gas bubbles
are formed at the bottom of the melt and rise to the surface of the aluminium melt. This
simulation calculation is aimed at observing the different melt and gas contexts for the
formation of bubbles in the melt.

Fig. 7.45 Sketch of the calculation area with boundaries

For the simulation calculation, it was necessary to consider, but also include in the
simulation calculation, the effects of bubble gravity as well as wave problems in the
liquid phase. The basic "conservative" part of the flow model can be expressed in the
following form:

oU _ oF | 0 0K _ &
at ~ ax = ox + ax G, (7.38)

where denotes: U is the vector of conservative variables; F is flow function; G is source
terms. The source terms are defined as:
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where denote: u, v, w is velocity components along X, y, z axes; g is gravitational
acceleration; p is pressure; t is component of the Reynolds stress tensor; e is inertial
energy; h is the enthalpy given in Eq. (7.42).

Enthalpy (h) can be calculated:

h= ZZP (7.42)

For the simulation calculation of the initialisation process, the phase volume

fractionar must be prescribed as a value of 1 for the entire domain defined by a vessel
height of 0.52 m. The space above this aluminium melt is air with a2 equal to 0 (the
rest of the cube container). This initial boundary prescription is common for a typical
two-phase solution concept.
The calculation was performed in Open FOAM code using the PIMPLE scheme.
A Gaussian linear scheme was used for most of the variables. A compressible
multiphase solver with different time steps determined by a stability condition based
on a maximum Courant number of 0.25 was used.

c) Properties of bubbles

To predict the behaviour of bubbles, it is necessary to consider the following numbers:
the Reynolds number (Re), the Weber number (We) and the Haberman-Morton
number. The intensity of the surface tension affects the bubble deformation, which is
the characteristic force that maintains the sphericity of the bubble. It is known from
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theory that bubble deformation occurs when We/Re approaches unity for Re << 1 or
when we approach unity for Re >> 1. This Reynolds (Re) number is defined:

Re = @ (7.43)

where: R is the instantaneous radius of the spherical bubble; w is the magnitude of the
translational velocity; n is viscosity; p is density.

The characteristic properties of the materials used are given in Table 7-23:

2:pWZR

o

We = (7.44)

where: w« is the terminal velocity of the bubbles and o is the surface tension (see
values in Table 7-21). The terminal velocity is a function of the shape, and this value
must be known to calculate the Weber number.

According to [3], the terminal velocity of bubble motion can be replaced by AW,
which expresses the relative velocity of the gas-liquid system. The generation of small-
scale dynamics must take into account the ratio of the hydrodynamic force related to
the dynamic pressure to the surface tension force. This is expressed in fluid mechanics
by Weber's number. The hydrodynamic force is conveniently defined as p-A W2, so it
captures both the case of a high-velocity gas over a slow fluid and a high-velocity fluid
flow in a static gas that breaks into droplets. Depending on the local shape, bubble
bursting may occur above a certain critical value of We. Below this value, the surface
tension forces are large enough to overcome the dynamic pressure, and no local
breakup occurs. At higher Weber numbers, the predominance of aerodynamic force
leads to deformation and splashing. This process produces small bubbles
with a lower Weber number. If their size is small enough, they drop below a critical
level, and the disintegration process stops. Another way to predict the behaviour of the
bubble is to express the Haberman-Morton number, according to the equation:

4
_9n
Hm - p-c3’

(7.45)

where: g is the acceleration of gravity [m-s2]; n is the viscosity of the surrounding fluid
[Pa:-s]; p is the density [kg-m~®], and o is the surface tension coefficient [N-m™].

In this case, if Hm < 1, all bubbles for which Re << 1 remain spherical. However, there
are some unusual circumstances in which Hm > 1 and then there will be a range of Re
in which there can be a significant departure from sphericity [2]. For the assumed two-
phase flow problem, it has been calculated that Re >> 1 and will be approximately Hm
= 3 x1019, In this particular case, the finite velocity is given by the Froude number
Fr=0(1), the bias occurs when We > 1. Using Fr = 1 and Hm implies that the departure
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from bubble sphericity occurs when Re >> Hm™4, Consequently, under normal
circumstances in which Hm < 1, there is a range of Reynolds numbers, Re < Hm4, in
which sphericity is preserved; non-spherical shapes occur when Re > Hm™Y4, It has
been observed experimentally that the initial deviation from sphericity causes
ellipsoidal bubbles that can oscillate in shape and have oscillatory trajectories. As the
bubble size increases further, that is, up to the point where We = 20, the bubble
acquires a new asymptotic shape, known as a spherical cap bubble [2].

d) Results achieved

A) Formation of a bubble bath for a liquid phase viscosity of 0.014 Pa.s

Fig. 7.46 shows the instantaneous flow of bubble formation for different time steps.
Firstly, to investigate the bubble formation behaviour, the dynamic viscosity of the liquid
(aluminium melt) was kept constant at 0.014 Pa.s (see Table 7-23).

Fig. 7.46 Instantaneous bubble patterns for (a) 0.3s; (b)0.6s;
(c) 0.9s and (d) 1.2s

The colour representation in Fig. 7.46 indicates the intensity of the flow velocity.
The first bursting of the main bubble was observed, and other small bubbles remained
entrained in the fluid and slowly floated to the surface. The first bubble broke up into
other small bubbles, and this process continued as the bubbles floated to the surface
of the mixture. Fig. 7.46(d) shows the tracking of the path of different-sized bubbles
between the bottom and the surface of the aluminium melt (liquid phase) for 1.2 s. It
was observed that the smaller bubbles formed later, after the first burst, reached
a higher velocity (marked in red). The surface of the liquid or aluminium melt was
deformed by the incoming bubbles.

At the same time, Fig. 7.46 shows the formation and behaviour of the first main
bubble at 0.55 s. The vector representation shows the flow orientation and velocity
intensity represented by colours. It was found that the center of the bubble has the
highest velocity, taking values up to 1.5 m-s. This intense translational velocity is
about 180 times higher than the initial air velocity used to form the bubble at the bottom.

This motion causes the bubble to deform from its spherical shape (see Fig. 7.46a
for 0.3 s). There is a significant flow around the bubble, which draws material from the
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upper part of the bubble to the lower part, which is later pumped back into the centre
of the bubble. This flow exists because of the translational motion of the bubble as the
liquid passes around the bubble’s body. The differential flow around the bubble was
investigated in [2].

Fig. 7.47 shows the temperature distribution in the two-phase mixture at 1.15 s.
From Fig. 7.47 it can be seen that a slight heat flux has formed at the bottom of the
vessel, causing a cooler bottom effect, resulting in a lower temperature of
approximately 719.6 K. The circulating ambient air has a temperature of 295 K (area
above the aluminium surface). On this surface, the cooling effect of the ambient air is
considered, leading to a significant temperature drop.

Fig. 7.47 Formation of bubbles with velocity vectors at time 0.55s

The airflow above the aluminium surface is driven by buoyancy due to a strong
temperature gradient. Inside the aluminium melt, the temperature is homogeneous at
around 720 K. The effect of temperature has been taken into account in the calculation
due to the existence of a slight temperature gradient between the bottom and the top
of the vessel. In general, this existing temperature gradient can be caused by the flow
of the aluminium melt driven by the buoyancy force, which also influences the overall
bubble motion. In terms of the forces acting on the bubble at a small relative Reynolds
number Re << 1, only the forces due to buoyancy and the mass of the particle need to
be considered in addition to the total force acting on the bubble. However, at high
relative Reynolds numbers, Re >> 1, we must resort to a heuristic approach in which
the fluid forces are supplemented by drag (and lift) forces [2]. Fig. 7.48 shows the
temperature field when the aluminium melt gushes in chael.15 s.

B) Effect of viscosity on bubble path formation

The effect of viscosity on bubble path formation was investigated for the simulation
calculation or bubble formation study. For this purpose, several different values of the
viscosity of the aluminium melt or liquid phase were calculated,  from 0.14 Pa.s to
0.014 Pa.s.
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Fig. 7.48 Instantaneous temperature field during aluminium melt gassing in time 1.15 s

In previous work, it has been experimentally found and discussed above that as the
volume fraction of gas in the liquid phase increases, a stabilising effect must be
achieved due to small particles of different sizes. The small particles caused a slightly
higher viscosity of the liquid. To assume these small particles in the simulation would
be difficult, so the effect of the small particles was replaced by a change in the viscosity
of the liquid (as experimentally observed).

Fig. 7.49 shows the simulated volume fraction of gas in the liquid phase at a time
instant of 1.15 s, using a dynamic viscosity value of n = 0.014 Pa.s, see Fig. 7.49a).
And using the dynamic viscosity value n = 0.14 Pa.s, see Fig. 7.49b). In the case of
higher viscosity, more bubbles can be detected below the surface of the liquid phase.
The formed path of gas bubbles between the bottom and the top of the vessel had
a slightly different shape. The magnitude of the translational velocity remains the same.
At the same time, Fig. 7.49 shows the amount of gas phase in the liquid phase at the
time 1.15 s. While the amount of gas for the dynamic viscosity values 7 = 0.14 Pa.s
and n =0.014 Pa.s was at the same level, for the dynamic viscosity of the liquid phase,
i.e. for the aluminium melt » = 0.07 Pa.s, the volume fraction of the gas phase was
about 30% higher. Unfortunately, there were few telling results to explain this observed
effect.

In general, the amount of gas increased during the bubble formation period for all
viscosity values. No decrease in the amount of gas in the liquid was detected until 1.0
s. Fig. 7.50 shows a simulation calculation of the amount of gas volume fraction in the
aluminium melt for a time of 1.15 s for different values of the dynamic viscosity of the
aluminium melt.
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Fig. 7.49 Simulation calculation of the instantaneous gas volume fraction of gas in time
1.15 s for dynamic viscosities of 0.014 Pa.s (a) and 0.14 Pa.s (b)
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Fig. 7. 50 The amount of the gas volume fraction in aluminium melt for different times

Based on the numerical simulation calculation performed above, it can be
concluded that the bubble formation in the mixture represented by the two-phase
problem was investigated by numerical simulation. The flow problem was considered
as non-stationary, laminar and non-isothermal. The effect of mixture viscosity on
bubble path formation was studied on several samples defined by different fluid
viscosities. A compressible multiphase OpenFOAM computational code solver was
successfully applied.

Reasonable results were found considering the theoretical knowledge and current
experience with similar flow simulations in other engineering problems. It was found
that the viscosity of the liquid affected the bubble formation (shape and total volume
fraction of gas in the mixture). However, the effect of viscosity on the bubbles formed
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could not be sufficiently confirmed. Further calculations will be required to determine
which specific material properties or flow conditions may actually stabilize the foam
and prevent the gas from escaping from the mixture. In terms of calculation efficiency,
higher velocity magnitudes were found over the aluminium melt in the airflow region.
These higher values determine the size of the time step and thus, the total time
requirement for the calculation.

However, the effects associated with bubble formation, which is the objective of this
investigation, did not affect the calculation efficiency.

This issue has been published:

FRANA, K. and I. NOVA. An Effect of the Fluid Viscosity on the Gas Deposition in the
Two-Phase Mixture. In. Conference: 2018 International Conference on Applied
Mathematics & Computer Science. Paris 2018. (ICAMCS), DOI:10.1109/CAMCS
46079.2018.00012.

FRANA, K. and |. NOVA. Interface Formation in two. Phace flow problems.
International Journal of Mechanics, 2018. Vol. 12, pp. 102-108.

7.5 Structures produced by direct melt filling with an external gas source

7.5.1 Monitoring the foaming process from an external gas source

The implementation of the aluminium smelting foaming process (with gas supplied

from an external source) to obtain "aluminium foam" requires experimental testing of
all the necessary technological steps. For this purpose, a custom-made furnace was
manufactured by the German company HTM Reetz GmbH (see Fig. 7.51a) and Fig.
51b). Furthermore, the melt has to be prepared with a precise determination of the
ceramic reagent that increases the viscosity of the melt. The frothing gas was technical
air. The straining sensor consisted of a heat and corrosion-resistant tube & 8 mm long
1500 mm, a hose and pressure-reducing valves to achieve suitable bubbles of gas fed
into the melt of the selected aluminium alloy. The temperature in the foaming furnace
was about 760 °C, and the foaming process was carried out for 2 hours, with the
greatest control of the feed gas. Fig. 7.52 shows Dr. Sobotka and Ing. Korecek setting
up the foaming experiments and introducing the foaming sensor into the aluminium
alloy melt.
The samples were produced by foaming the aluminium alloy melt. The melt was
prepared in the furnace of HTM Reetz GmbH. A ceramic crucible was used for foaming
based on gas supplied from an external source. The charging gas was technical air.
The viscosity-increasing agent greatly reduced the fluidity of the melt. Its quantity will
have to be more systematically tested; most often, it was Al2O3 with particle sizes up
to 10 um.
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Fig. 7.51b) View of the HTM Reetz GmbHz box-shaped foaming furnace and the feed of the
foaming medium into the metal melt

Fig. 7.52 Preparation of the foaming process and view of the introduction of the foaming
sensor into the aluminium melt, Dr. Sobotka and Dr. Korecek

The strain sensor consisted of a corrosion-resistant tube & 8 mm long by 1500 mm.
Connected to this sensor is a hose that feeds gas from an external source into the
melt. The gas supply hose is fitted with control valves. The first foaming was carried
out with AISi12 aluminium alloy melt. The temperature in the furnace during the
foaming process was approximately 760 °C. The first foaming process was carried out
with AISi12 alloy and the foaming gas was argon, the foaming time was 15 minutes.
Further study of the literature revealed that the AISi12 alloy was unsuitable for direct
foaming.
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More suitable alloys were sought, such as AISi7Mg0.3. This alloy was used in the
testing of other foaming processes. Also in the other foaming processes, the foaming
was carried out for 2 hours, while taking care to control the feed gas as much as
possible so that the gas entered the melt one bubble at a time. At the same time, it
was difficult to design the material for the gas supply, which exits at a melt temperature
of about 760 °C. Corrosion and heat-resistant steel could not withstand the long
residence time at 760 °C, so a quartz tube had to be used. Fig. 7.53 shows a view of
the foamed melt in the furnace of HTM Reetz GmbHz.

>

Fig. 7.53 View of the foamed melt in the ceramic crucible

A) Production and structure of AlSil2 alloy sample, direct argon sputtering
(sample 1)

For the production of AISil12 alloy sample 1, argon was used for the gassing, see
Fig. 7.54, left. The installation of the argon supply to the furnace to melt the 0.2 MPa
aluminium alloy is shown in Fig. 7.54, right. Al2Os particles were used to increase the
viscosity of the aluminium alloy melt. Fig. 7.55 shows a section of the sputtered sample
(@ 52 mm, height 56 mm), the sputtering is at the top of the sample, about 10 mm
thick.

iont 4

Fig. 7.54 Argon used for direct foaming of the aluminium alloy melt in the furnace
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Fig. 7.55 View of the cross-sectional areas of the foamed sample 2’52 mm, height 56 mm,
foaming layer approx. 10 mm, foaming time 15 minutes, argon; sample No. 1

Fig. 7.56 shows a detail of the upper part of a gassed sample, approximately 10
mm thick (& 52 mm, height 56 mm), gassed with argon; sample 1.

Fig. 7.56 Upper foamed part of the sample, thickness approx. 10 mm (&'52 mm, height 56
mm), argon gas used; sample No. 1

The upper sputtered part of the sample was observed on a scanning electron
microscope (Vega 3 Tescan, SEM HV 20.0 kV). Fig. 7.57 and Fig. 7.58 show a view
of the foamed part of the aluminium sample with the distribution of Al2O3 patrticles.
These particles are added to the melt to increase the melt viscosity or stability of the
foaming process.

Furthermore, EDX analysis was also performed to evaluate the chemical
composition of the AlSi12 alloy used in the selected sample location. Fig. 7.59 shows
the EDX analysis, the local chemical composition of the upper sputtered layer of the
sample.

Fig. 7.57 View of the foamed part of the material with Al.O3 particle distribution to increase
the viscosity of the AlSi12 aluminium alloy melt, sample 1
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Fig. 7.58 View of the particles in the wall of the foamed alloy
(intermetallic particles of the Al-Fe-Si type; Al,Os, Si), sample No. 1.

. Spectrum 1
At%
Al 723
Si i
(0] 98

Zn 0.7

Powered by Tru-Q&

4 B o ey

Fig. 7.59 EDX analysis of the used AlSi12 alloy, sample No. 1

B) Fabrication and structure of AlSi7Mg0.3 alloy sample, direct air foaming
(sample 2)

For the production of sample No. 2, made of AISi7Mg0.3 alloy, air was used for
sputtering at a pressure of 0.2 MPa. Al203, with a sparging time of 120 minutes, was
used as a reagent to increase the viscosity of the aluminium alloy melt. The gassing
was carried out in a furnace at 760 °C in a ceramic crucible. Fig. 7.48 shows a section
of sample 2, the structure of the sputtered AISi7Mg0.3 alloy; sample & 118 mm;
maximum height 80 mm, left. Also shown in Fig. 7.60 is a plan view of a foamed section
of AlISi7Mg0.3 alloy, 45 x 80 mm, right.

The structure of the foamed AlISi7Mg0.3 alloy sample 2 was analysed with a Vega
3Tescan scanning electron microscope, SEM HV 20.0 kV. At the same time, EDX
analysis was performed and the chemical composition of the used AlSi7Mg,3 alloy was
evaluated at the selected sample location.

An important aim of the research was to monitor the distribution of Al2O3 particles in
the bubble wall. For this purpose, a metallographic sample was prepared, as shown in
Fig. 7.61.
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Fig. 7.60 View of a section through AISi7Mg0 alloy specimen 2, left and its foamed part
(foamed specimen<’ 118 mm; maximum height 80 mm), right, specimen 2

Fig. 7.61 View of the sample for metallographic observation of the distribution of Al,O3
particles

Fig. 7.62 and Fig. 7.63 show Al2O3 particles dispersed in a foamed AISi7Mg0.3 alloy.

Fig. 7.62 View of the foamed part of the material with Al,O3 particle distribution to increase
the viscosity of the aluminium alloy melt, sample 2

SEM HV: 10.0 kV WD: 16.00 mm | SEM HV: 10.0 kV WD: 16.00 mm MIRA3 TESCAN
SEM MAG: 120 x Det: BSE SEM MAG: 120 X Det: BSE 500 pm
SEM MAG: 120 x _ Date(midly): 03/04/21 Performance In nanospace SEM MAG: 120 x _ Date(midly): 03/04/21 Performance in nanospace

Fig. 7.63 View of the patrticles in the wall of the foamed alloy (intermetallic particles of Al-Fe-
Si type; AlLO3, Si) - cell wall durability, sample 2
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Fig. 7.64 is the EDX analysis, and Fig. 7.65a), Fig. 7.65b), and Fig. 7.65c) are the
detailed area of EDX analysis of the aluminium alloy AlSi7Mg0.3 used, tracking the
elements Al, Si, O, Fe, Cr, Mn, of sample 2.
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Fig. 7.65a) Detailed areas of EDX analysis of AlSi7Mg0.3 alloy; elements Al and Si; sample 2

0 Kol Fe Lal,2

Map Data 2

) f 100pm

100pm
Fig. 7.65b) Detailed areas of EDX analysis of AlSi7Mg0.3 alloy; elements O and Fe;
sample 2
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Fig. 7.65c) Detailed areas of EDX analysis of AlSi7Mg0.3 alloy; elements Cr and Mn;
Sample No 2

C) Production of AISi5Mg alloy sample by direct air foaming
(sample 3)

For the production of sample No. 3, made of AISi5Mg alloy, the direct melt foaming
method with air at a pressure of 0.2 MPa was used. Al2O3 particles were used to
increase the melt viscosity of the aluminium alloy. The frothing time was 120 minutes.
The gassing was carried out in a furnace at 760 °C in a ceramic crucible. After the
solidification of the gassed melt, a sample of a conical cone with, a larger diameter of
125 mm, a smaller diameter of 85 mm and a height of 105 mm was obtained. This
sample was cut and its foamed structure is shown in Fig. 7.54, left. The structure of
the foamed sample was observed on a scanning electron microscope, Vega 3 Tescan,
SEM HV 20.0 kV. At the same time, EDX analysis was performed, and the chemical
composition of the AISi5Mg alloy used in the selected sample location was evaluated.
Fig. 7.66, right, shows a detail of the foamed area of the AISi5 Mg alloy sample. Fig.
7.67 and Fig. 7.68 are EDX analyses of the chemical composition at specific locations
in the sample. Fig. 7.69 details areas of structure related to the EDX analysis.

Fig. 7.66 Section through a fabricated foamed specimen (£125 mm; <85 mm; maximum
height 105 mm), left and plan view of the foamed part of the AISi5Mg specimen (50 x 75 mm
section), right
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Fig. 7.68 EDX analysis of the used alloy on the surface of the used alloy in the air bubble
region, sample 3
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Fig. 7.69a) Detailed areas of EDX analysis with evidence of the relevant elements -
aluminium and silicon, in the local location of the aluminium alloy AlSi5Mg, sample 3
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Fig. 7.69b) Detailed areas of EDX analysis with evidence of relevant elements and carbon in
the local location of the aluminium alloy AlSi5Mg, sample 3
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Fig. 7.69c) Detailed areas of EDX analysis with the corresponding elements — calcium
and magnesium, in the local location of the aluminium alloy AISi5Mg, sample 3

This book has been written based on the findings of the research and also on the
results of our experiments conducted within the framework of the five-year
development project of science and research at the Technical University of Liberec
from 2018 to 2022, OP VVV: Excellent Research. CZ.02.1.01./0.0/0.0/16_019/
0000843: "Hybrid materials for hierarchical purposes". In the area of research objective
2. Metal-based materials and structures, research activity 01: Cellular lightweight
metallic structures was applied.
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Annex 1

Table P1 List of manufacturers or suppliers of metal foams

Firms engaged in the manufacture of aluminium foams and metallic porous materials

Product/proc
Company name ess name Characteristics

Alantum (Korea/Germany) Nickel and iron-based open foams, special foams
for filtration, catalysis or electrodes.

Al Carbon (Germany) Composites, combinations of composites and Al-
foams. Open and closed cell foams.

Alcarbon, GmbH (Switzerland) Composites, combinations of composites and Al-
foams. Open and closed cell foams.

Aluinvent Inc. (Hungary) Aluminum foams with small and regular pores, gas
injection and aluminum composite matrix.

Alulight (Austria) Development and production of aluminium foams
based on powder metallurgy, production of crusted
plates and various foam shapes,

Alusion (Canada) Production of aluminium foam plates and foam
products (a division of CYMAT)

Alveotec (France) Production of aluminium foams by the usual foundry

CASTFOAM | process.

American Elements (USA) Production of high quality aluminium foams.

Chand Eisenmann Metallurgical Production of porous sintered material for filters,

(USA) sales media, etc.

China Beihal Building ALPORAS Production of aluminium foam panels and

Material Co. Ltd. (China) sandwiches, production by the process Alporas.

Composite Materials Ltd. Production of aluminium foams for structural parts.

(Russia)

Corex Honeycome Production of aluminium cores.

(UK(

CYMAT (Canada) SAF Aluminium foamed panels are produced by direct
fusion of aluminium melt. SAF foamed aluminium
(Stabilized Aluminium Foam).

Dunlop Equipment (England) Production of open cell foams for high
temperatures\ 900 °C, gas flow control applications
and noise dampening.

ERG Materials and Eirospace DUOCEL Production of metal foams by open-cell casting

Corporation (USA)

ECOCONTACT Production of foams with abraded cells for the

(France) abrasion of Al, Cu and steel for electrical purposes.

Exxcentis Production of aluminium porous materials, i.e.

(Switzerland) open-cell "space holder" materials, based on the
use of NaCl.

FOAMTECH ALPORAS Aluminium plates and sandwiches made by the

(Korea) Alporas method

Franhofer Institute IFAM Production of aluminium foams, aluminium foam

(Germany) sandwiches and aluminium foam-steel sandwiches
based on powder metallurgy.

Freund GmbH Foam materials for interior furnishing, foam

(Austria) distribution.

Goodfellows Corporation Distribution of Al, Cu, Zn, Ni and foamed materials.

(USA)

Havel metal foam GmbH Production of aluminium foam sandwich materials.

(Germany)

Holloment GmbH Production of stable lightweight and multifunctional

(Germany) cellular materials.

Integran Technologies Inc. Production of metal foams for energy and noise

(Canada) absorption.
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IWE Greiswald
(Germany/Austria)

Production of Al foams and industrial honeycombs
based on powder technology.

Korea Metal Foams
(Korea)

Casting of open-cell metal sponges based on Al, Cu
and Ni.

ERG Matal Foam (USA)

Production of Duocel, Al, Cu open cell foam
system.

Liaoning Rontec Advanced
Co. Ltd.(China)

Production of aluminium foam blocks and plates.

LKR, Ligh METCOMB Production of aluminium foam by injecting gas from

metallkomponenten zentrum an external source using a bubbling agent. The

(Austria) foamed melt is fed into a mould.

MEPURA Ranshofen MEPURA Production of aluminium foams based on powder

(Austria) ALULIGHT metallurgy

Mitshubishi Material(Japan) Production of metal foams with open cells.

M-Pore Casting of metal sponge materials with open cells

(Germany) Al, Cu, and hard polymers.

Pohltec Metalfoam GmbH Production of Al foam sandwiches (AFS) and

(Germany) aluminium foam plates.

Porometal Production of open-cell metal sponge materials

(China) based on Ni, Cu, Ni+Fe, and Al1Cr+Al for the
production of electrode and filter components.

Reade Advenced Materials Production of metals with open cells by electrical

(USA) and foundry methods, processing of the following
metals: Al, Cu, Hf, Pb, Ni, Nb, Ti, W, Zr.

RECEMAT BV Supplier of open-cell metal foams based on Ni, Ni

(Netherlands) alloys, Cu and Al alloys and Al alloys.

SELEE Corporation Production of porous ceramics, metals and carbon

(USA) for various industrial purposes.

Shanxi Putal Aluminium Fo Production of aluminium foams and foam products.

am Manufacturing Co. Ltd

(China)

Shinko Wire Company ALPORAS It produces aluminium foam based on the melting of

(Japan)

aluminium with calcium and the addition of the
foaming agent TiH2

Spectra-Mat (USA)

Production of open-cell sponge materials from
tungsten and molybdenum.

Veber Industriale (Italy)

Distribution of FOAMTECH products.

Procursor type
Stabilization

Source of porosity

METAL FOAMS AND METAL SPONGES

ASSEMBLED CELLULAR STRUCTURES DESIGNED CELLULAR STRUCTURES

- Additive Manufacturing of unt coll-based cellular structures with
‘special target propertes, ¢. g. auxetic structures

Reference: Lehmhus, D., Vesenjak, M., Schampheleire, S., Fiedler, T. (2017). From Stochastic Foam to Designed

Structure:
DOI:10.3390/mal10080922.

Balancing Cost and Performance of Cellular Metals.
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196, 199, 203, 216, 219, 224, 225, 230,
232,

times 22, 29, 48, 127, 145, 148, 153,
160, 167, 170, 174, 272,

temperature 20, 22, 28, 33, 36, 38, 41,
44, 45, 48, 55, 60, 64, 70, 73, 74, 77,
79, 82,94,97,117, 119, 124, 126, 141,
142, 143, 147, 149, 150, 154, 164, 165,
166, 166, 167, 171, 176,179, 180, 184,
185, 186, 201, 209, 247, 268, 277, 278,
temperature (melting) 8, 38, 42, 44, 46,
140, 148, 150, 152, 177, 186,

thermal expansion 60, 108, 209, 223,

thermal conductivity 49, 60, 149, 253,
titanium hydride (TiH2) 11, 14, 28, 29,
30, 32, 34, 35, 36, 37, 38, 44, 47, 49,
52, 114, 141, 142, 143, 145, 146, 147,
150, 156, 157, 158, 160, 167, 170, 171,
174,175,176, 177, 178, 195, 272,
two-phase system 249.

U
universal gas constant 225, 232, 236.

\

values of aluminium 238,

velocity (bubble) 125, 126,

viscosity 15, 17, 18, 19, 20, 21, 23, 24,
28, 29, 30, 38, 41, 111, 113, 120, 142,
182, 190, 193, 264, 266,

viscosity (melt) 39, 111, 134, 138, 156,
viscosity (dynamic) 125, 126, 135, 136,
180, 181, 184, 264, 268,

viscosity (kinematic) 112, 121, 122, 125,
126, 129, 184, 264, 266,

viscosity (Al-Si alloy melt) 182, 184,
viscosity (aluminium melt) 182, 183,
volume 25, 125, 175, 229, 266, 275,
volume (atomic) 232,

volume (gas) 115, 228, 274, 275,
volume (melt) 24, 29,

volume (molar) 123,

volume (NaCl) 89, 248, 249.

W
Weber number (We) 270, 271, 272.

Y

Young's modulus 99, 108, 212, 216, 217,
239, 240,

Young's modulus 221, 245, 260.

Z

zirconium coating 21,

zirconium hydride (ZrH2) 49, 52, 140,
149, 150, 151, 152, 153, 154, 155, 224,
226, 227, 228, 230.

ZWICK 215.
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