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Metallic foams are materials with broad applicability in many different areas (e.g. automotive industry, civil
engineering industry, medicine, etc.). These metallic materials have artificially created pores in their structure.
These pores give them specific properties, such as large rigidity at low density, high thermal conductivity, capability
to absorb energy, etc. Since the discovery of porous metallic materials numerous methods of production have been
developed. Porous metallic materials can be made from liquid metal, from powdered metal, metal vapors, or from
metal ions. The aim of the paper is to introduce casting methods for manufacturing of metallic foams with irregular
and regular cell structure. All these manufacturing methods of metallic foams are based on conventional foundry
technologies and materials. The aim of the paper is also to show a possibility of using metallic foam as a heat
exchanger.
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Kovové pény jsou materidlem s Sirokym uplatnenim v mnoha oborech lidské ¢innosti (naps. automobilovy primysl,
stavebnictvi, medicina, aj.). Tyto materidly obsahuji ve své struktuse umele vytvorené pory. Tyto péry jim pak davaji
mnoho vyjimecnych vlastnosti, jako je naps. vysoka tuhost p7i nizké mérné hmotnosti, vysoka tepelnd vodivost,
schopnost absorpce energie atd. Prvni zminky o kovovych pénach pochéazeji jiz z pocatku 20. stoleti, kdy se tyto
porovité kovové materidly zacaly pouZivat pro strojirenské Ucely. Ve dvacatych letech minulého stoleti se zacaly
vyrabét a komercné vyuZivat peny vyhotovené spékanim kovovych praskii, které se pouzivaly pro vyrobu filtra,
baterii a samomaznych loZisek. Ve francouzském patentu z roku 1925 nalezneme zminky o kovovych penéch
vyrobenych vzpenenim materiélu, o tricet let pozdeji v USA zacind jejich komereni poufZiti. Ale rozsahla vyzkumna a
Vyvojova cinnost zacala aZ v 90. letech a pokracuje dodnes. V soucasné dobé probiha na VSB — Technické univerzite
Ostrava vyzkum zabyvajici se optimalizaci vyroby tohoto unikatniho materidlu slévarenskou cestou. Od objevu
poréznich kovovych materiali bylo vyvinuto mnoho metod jejich vyroby. Porézni kovové materidly mohou byt
vyrobeny z tekutého kovu, kovového prasku, kovovych par ¢i ionizovaného kovu. Cilem tohoto prispévku je
predstavit slévarenské metody vyroby kovovych pén, a to jak pen s pravidelnou, tak i s nepravidelnou busikovou
strukturou. Tyto metody jsou zaloZzeny na konvenchich slévarenskych technologiich a ve slévarnach beine
pouzivanych materialech. Principem nize uvedenych technologii vyroby kovovych pén je infiltrace tekutého kovu do
dutiny formy vyplnéné prekurzory/preformou nebo pouZiti odparitelného modelu. Cilem prispévku je rovnéz ukazat
mozné aplikace odlitkiz kovovych peén s pravidelnou vnit/ni strukturou coby vyméniki tepla — vyuZiti velkého
vnit/niho povrchu téchto slozitych odlitki.

Kli¢ova slova: odlitek; kovova péna, 3D modelovani

Metallic foams are materials, which are ill under metallic foam with divided inner cavity as a heat
development with wide application possibilitiesin many  exchanger. As an instrument of the investigation the
fields of human activities (e.g. automotive industry, method of computer simulation was first chosen, which
civil engineering industry, medicine, etc.). These can compare the metallic foam with classic tube
interesting materials contain artificially created poresin  exchanger [1].

their structure. These pores give them many exceptional
characteristics, such as: high rigidity a low density,
high thermal conductivity, absorption of energy and
others. These materials offer interesting perspectives
due to the combination of properties (Fig. 1). The aim of
this paper is to explore the possibility of manufacturing
of various structures of metallic foams and using cast

The term *‘foam’’ is not aways properly used and shall
therefore need to be defined. According to Fig. 2 which
lists the designations for al possible dispersions of one
phase in a second one (where each phase can be in one
of the three states of matter), foams are uniform
dispersions of a gaseous phase in either a liquid or
asolid. The single gas inclusions are separated from
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each other by portions of the liquid or solid,
respectively. Thus the cells are entirely enclosed by the
liquid or solid and are not interconnected. The term
“foam” in its original sense is reserved for a dispersion
of gas bubbles in a liquid. The morphology of such
foams, however, can be preserved by letting the liquid
solidify, thus obtaining what is called a “solid foam”.
When speaking of “metallic foams’ one generaly
means a solid foam. [1].

Fig.1 Combination of properties of metallic foams
Obr.1 Kombinace vlastnosti kovovych pen
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Fig. 2

Obr. 2

1. Possibilities for manufacturing of metallic
foams

Since the discovery of porous metalic materials
numerous methods of production have been developed.
Some technologies are similar to those for polymer
foaming, others are developed with regard to the
characteristic properties of metalic materials, such as
their ability to sintering or the fact that they can be
deposited electrolyticaly [2].
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According to the state, in which the metal is processed,
the manufacturing processes can be divided into four
groups. Porous metallic materials can be made from
[3,4]:

— liquid metal (eg. direct foaming with gas,
blowing agents, powder compact melting,

casting [5], spray forming)

powdered metal (eg. sintering of powders,
fibores or hollow spheres, extrusion of
polymer/metal mixtures, reaction sintering )

metal vapours (vapour deposition)

metal ions (electrochemical deposition)

Porosity may achieve 30% to 93% depending on the
method of production and material used. By changing
the process parameters it is possible to obtain porous
structure with various sizes and shapes of pores and
with different types of arrangement (regular or irregular
- stochastic) [3].

By manipulation of the process parameters, the pore
structure can assume continuous or discontinuous
geometries, a range of pore sizes, pore fractions, and
a controllable shape of the final product. The continuous
pores are connected together and to the surfaces of the
component to allow fluid flow from one side to the
other [6].

Within the production of cast metallic foams, we were
verified by the infiltration of the molten metal into the
mould cavity filled with precursors/preform and an
investment casting process using an evaporable pattern.

2. Experiment - casting technologies of
manufacturing of metallic foams

Casting technologies of metallic foam production
referred to in this paper are based on the use of existing
materials and process procedures, which are commonly
used in foundries. Precise definition and subsequent
implementation of these manufacturing technologies
could enable further expansion of these materials and
using their full application potential.

2.1 Infiltration of molten metal into mould filled
with precursors/preform

Inner pores of metallic foams can be achieved by using
~particles* — precursors or preform, which fill the mould
cavity. These particles, which have given shape and
size, are placed into the mould cavity and the molten
metal is poured over them. Precursors and preform must
meet certain criteria. Particularly, they must be made of
material, which preserves its shape during impact of the
molten metal (sufficient strength, low abrasion,
refractoriness) and they must alow aso good
disintegration after casting.
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Irregular arrangement of inner pores can be achieved by
using precursors. Regular arrangement of the pores may
be achieved by using preforms (special kinds of cores)
of different shapes, which fill the mould cavity.

Principle of the method (using precursors) is shown in
Fig. 3.

Fig. 3 Principle of infiltration of molten metal into mould filled
with precursors, from left: mould, mould cavity filled with
precursors, composite foundry mould, pouring molten metal
into the mould cavity, cast metallic foam after removing
precursors.

Princip infiltrace tekutého kovu do dutiny formy vyplnéné
prekursory, zleva: forma, dutina formy vyplnéna prekursory,
sloZzena forma, odlévani kovu do dutiny formy, odlitek
kovové pény po odstranéni prekursor.

Obr. 3

2.1.1 Irregular cell structure

In the experiment we made castings with irregular cell
structure with use of precursors based on conventional
moulding mixtures (organic types). There were two
types of precursors:

Precursors — Croning process

Core particles were manufactured from a moulding
mixture (or from the rejected cores made by the Croning
process). Final globular shape of core precursors was
achieved by splitting them in to small pieces
(10 — 30 mm) and subsequent tumbling. A mould cavity
was filled with these precursors. Mould was made from
the commonly used green sand (i.e. bentonite bonded
moulding mixture). The disadvantage of these
precursors is their irregular shape (Fig. 4), which is
determined by uneven tumbling of the cullet due to non-
uniform hardening of the default core mixture.
Therefore, new technology of precursors manufacturing
has been proposed — use of moulding mixture bonded
by furan resin. This way of manufacturing of precursors
should ensure the achievement of the same size, shape
and the resulting characteristics of precursors.

10 mm

Fig.4  Precursors— Croning process (irregular shape and size)
Obr. 4 Prekursory —technologie Croning (nepravidelny tvar a
velikost)
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Precursors — Furan moulding mixture

For creating these precursors were used aplastic grille
as a core box. By using this core box we created cubes
with a side of 25 mm. These cubes were then subjected
to tumbling. The proposed technology ensures
production of precursors of the same size, shape and
properties (Fig. 5).

10 mm

—A

Fig.5 Precursors— Furan moulding mixture (regular shape and size)
Obr.5 Prekursory—furanova ST-smés (pravidelny tvar a velikost)

2.1.2 Regular inner structure

Preforms (cores) for manufacturing of metallic foams
with regular inner structure were made with the use of
the polyurethane cold box technology, which is based
on a two-component binder system and constitutes
asuitable method for the production of thus geometri-
caly complex shape preforms. Gradualy produced
cores were subsequently assembled into one unit to
form the preform (Fig. 6), which is the negative of
regular internal cavities of the casting (metallic foam).

Fig.6 Preform (core) composed of five layers of cells
Obr. 6 Preforma (jadro) sloZzena z péti pater

2.2 Use of evaporable pattern

One of the ways to create complex casting of metallic
foam is to use an evaporable pattern (polyurethane,
polystyrene).
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2.2.1 Irregular cell structure

The most common foundry method for manufacture of
metallic foams with open pores is a method with the use
of a disposable evaporable polymeric pattern (Fig. 7)
— polymeric foams (most commonly polyurethane foam
— PU foams).

Fig. 7 The principle of use of a disposable evaporable polymeric
patter, from the left — polymer foam, polymer foam infiltrated
with plaster, removed polymer, infiltrated with metal,
metallic foam in mould, removed mould, final metallic foam
Princip vyuZiti jednorézového odpatitelného modelu, zleva —
polymerni péna, polymerni péna zaitd sadrou, odpareni
polymer, infiltrace tekutého kovu do vzniklé dutiny, kovova
pénave formg, finalni odlitek kovové peny

Obr. 7

One of the key steps in this production process is the
choice and processing of material suitable for
manufacture of a mould — plaster in this case. The
material for the mould manufacture must have in
particular sufficient heat resistance, the mixture must
have good fluidity to be able tofill all the small pores of
the PU foam.

For casting of various aloys (Cu aloys, Al dloys) it is
necessary to define different annealing cycles. For
casting the Cu alloys with higher melting temperature
(higher casting temperature) it is necessary to anneal the
plaster moulds to higher temperatures — to eliminate the
thermal shock during casting, and to increase the melt
fluidity into the complex mould cavity. Annealing
cyclescan beseenin Tab. 1.

Tab.1 Annedling cycles of plaster moulds
Tab.1 Zihaci cykly s&drovych forem

Annealing
cycle Temperature, increase, soak at temperature
number

1 120 °C, 320°C, 800 °C,
8°C-min%; 8h | 10°C-min™; 8h | 20°C:min®; 10h

2 120°C, 550 °C, 1100 °C,
8°C:min’;8h | 10°C-min%;8h | 20°C-min*; 10 h

3 120 °C, 550 °C, 1000 °C,
8°C:min’;8h | 10°C-:min;8h | 20°C-min®; 10 h

The most commonly used is the annealing cycle No. 1
which is suitable for the subsequent casting of Al aloys
(low melting temperature or low casting temperature).

However, for casting of Cu and Fe aloysit is necessary
to increase the annealing temperature, i.e. to heat the
moulds to higher temperatures. Therefore the annealing
cycle No. 2 was recommended. This annealing cycle
proved to be unsuitable — the moulds annealed to such
high temperatures show an impaired collapsibility after
metal casting.

A plaster sample has been subjected to differential
thermal analysis, which found that at the temperatures
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of 1100 °C the CaSO, is disintegrated to CaO and SO3
(degradation of the mould).

After the evaluation of the plaster DTA the annealing
cycle No. 3 was designed. The moulds annealed in such
a way have good collapsibility after casting, but for
casting the Cu and Fe alloys the mould temperature is
too low. Casting of these alloys was accompanied by
metal misruns into the mould cavity due to high
temperature jump. On the contrary the mould prepared
in such away for casting the Al aloysis“overheated”.

2.2.2 Regular inner structure

There is a possibility of manufacturing metallic foams
with regular inner structure by using the Lost Foam
Technology. The technology principle consists in
leaving the polystyrene pattern in the mould when the
pattern is evaporated during casting and the resulting
cavity isfilled with the molten metal.

The pattern is most often prepared from expanded
polystyrene (EPS) or polymethyl methaerylate
(PMMA), it can be prepared by cutting, milling and
subsequent gluing of individual parts or by creating
afoaming mould. The pattern formed in such a way is
equipped with a gating system, which can be made from
the same material as the casting pattern. The entire
pattern is treated with a heat resistant coating. Moulding
can be done without the use of binders [7]. One of the
advantages of this technology is the possibility of
manufacture of castings with complex shapes and
without the use of cores.

3. Utilization of metallic foam with regular
inner cells

This part of the paper is devoted to designing an
experiment for the possible testing of samples made of
metallic foams with a regular arrangement of cells as an
internal heat exchanger. Before the production of the
real casting a variant for flow simulation was modeled,
both for the metallic foam and the classical tubular
exchanger. Subsequently both these models were
subjected to comparison and evaluation of results.
A powerful tool for designing an effective and adequate
heat exchanger is a mathematical simulation.
Simulations will be performed in ANSY S CFX software
environment [8, 9].

3.1 Geometry

Figs.8 and 9 show the initial analyzed geometries.
Fig. 8 shows ball cores inside the metallic foam within
two rows. The total number of the balls is 120. The left
side of the figure shows the internal domain of the
flowing medium, the right side shows a domain of the
metallic foam with input intakes for attaching hoses for
entering a medium.
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Fig. 8 Anayzed geometry of the metallic foam
Obr. 8 Zkoumana geometrie kovové p&ny

Fig.9 shows the classic two-row tubular heat
exchanger, which is used in many applications. The
total number of tubes is 12. The inner diameter of the
pipesisequal to the diameter of ballsin a metallic foam.

Fig. 9 Analyzed geometry of the tubular heat exchanger
Obr.9 Zkoumana geometrie trubkového vymeniku tepla

3.2 Mesh

Tube heat exchanger includes a total number of 1.1
million cells. Heat exchanger created with metallic foam
contains a total number of 2.1 million cells. Cell size
was set at 1.5 mm in both cases. The boundary layer at
the surfaces is formed by five cells with a thickness of
one millimeter.

3.3 Boundary conditions

Calculation of both geometries was divided into two
main domains. The first domain was set as a liquid
representing a flowing air. The second domain was set
as a solid body representing the metal exchanger.
Material properties of both domains are summarized in
Tab. 2. The roughness of the wallsis not included in the
calculation [10]. Adiabatic walls were set up on all outer
walls of solid bodies. Boundary conditions of the heat
exchanger are defined on both floors.

Tab.2 Physica properties of used material
Tab. 2 Fyzikdni vlastnosti pouZitého materidlu

below 1E-6. Tab. 2 summarizes the mean values of the
output areas of both heat exchangers.

Tab.3 Average values at the output of heat exchanger
Tab.3 Pramérné hodnoty na vystupu z vymeéniku

Metallic foam Pipe
Temperature — hot side 55.9 62.1
(0
Temperature — cold side 55.5 50.2
Velocity — hot side 0.88 0.89
(ms?)
Velocity — cold side 112 11
Pressure — hot side 4.533E-3 4.548E-3
(Pa)
Pressure — cold side 6.42E-3 7.431E-3

Domain
Ideal Gas Aluminum
Thermal conductivity (W-m-K™?) 0.0261 237
Specific Heat Capacity-cp (kg-JK™) | 1004.4 903
Density by 20 °C (kg-m?®) 1.204 2702
Dynamic viscosity (kg-m™-s) 1.831E-5

3.4. Results

Cdculation of the tube heat exchanger ran
approximately for two hours and the accuracy of the
convergence is given below 1E-6. Calculation of the
metallic foam heat exchanger ran approximately for
2.5 hours and the accuracy of the convergence is given

Figs. 10 and 11 show values of the observed waveforms
dependent on coordinates.

e et 2l fozm - cold side
e Pipe - heat side
Metal foam - heat side

s Pipe - cold side

Velocity (m-s?)

-0.06 -0.04 -0.02 0
Distance on the axis Z (m)

Fig. 10 Velocity profile of the heat exchangers
Obr. 10 Rychlostni profil ve vyménicich tepla

From Fig. 10 it is clear that the heat exchanger of the
metallic foam has a uniform distribution of the velocity
field around the analysis section. Temperature variation
of a conventional tubular heat exchanger has the
maximum velocity in the centre of the region. The
colder side of heat exchangers has a higher rate of air
flow than the hot side.

Fig. 11 shows distribution of the temperature field in
two heat exchangers. The heat exchanger formed from
metallic foam has a constant behavior throughout the
course of the analysis cross section on both sides. In the
plane of symmetry of the heat and cold sides
correspond. The maximum value achieved in a tubular
heat exchanger has reached the value of approx. 70 °C,
with a ball exchanger this value was approx. 55 °C. The
maximum difference between the hot and cold side of
the metallic foam heat exchanger was approx. 1°C,
whereas classica heat exchanger had a maximum
differential value of approx. 27 °C.
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Fig. 11 Heat distribution in heat exchangers
Obr. 11 Distribuce tepla ve vymenicich tepla
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Figs. 12 and 13 show the color resolution of values
examined in both heat exchangers. Fig. 12 shows the
thermal field on the hot side and Fig. 13 shows the
velocity field of both heat exchangers.

Fig. 12 Heat exchangers—the side of the hot medium flow
Obr. 12 Vymeénik tepla— strana priitoku teplého média

Fig. 13 Velocity field of the heat exchangers
Obr. 13 Rychlostni pole vymeniku tepla

Conclusions

Metallic foams are progressive materials with
continuously expanding use. Mastering of production of
metallic foams with defined structure and properties
using gravity casting into sand or metallic foundry
moulds will contribute to an expansion of the

45

assortment produced in foundries by completely new
type of materia, which has unique service properties
thanks to its structure, and which fulfils the current
demanding ecological requirements. Manufacture of
foams with the aid of gravity casting in conventional
foundry moulds is financially advantageous process,
which can be industrially used in foundries without high
investment demands.

The principle of the above-mentioned technologies is
the infiltration of liquid metal into the foundry mould
cavity the use of an evaporative pattern. These
technologies enable production of shaped castings —
metallic foams - with irregular or regular cell structure.
For production of precursorsis moreover possible to use
the material, which would be otherwise wastes —
rejected cores or excess moulding mixture.

One of the possible applications of metallic foam with
such complicated internal cavity is a heat exchanger.
We first made for the purpose of verification of
effectiveness a modeling of casting of the metallic
foams, with variants for simulating the flow of gaseous
media in both the metallic foam and the classic tube
exchanger. Computational analysis showed that the heat
exchangers showed signs of different behavior under the
same boundary conditions. The greatest differences can
be seen in Figs. 10 and 12, when the newly designed
heat exchanger made of the metallic foam exhibits
stable temperature characteristics in the whole
investigated cross section immediately before an outlet
therefrom. Uniform distribution of heat affected overall
heat transfer in the heat exchanger so that the output
temperature was generally lower by 12 °C. The relative
pressure at the outlet of both heat exchangers has
corresponded. In the next step heat exchangers with
different geometries, etc., will be modelled.
Computationally the most efficient heat exchanger will
be subjected to experimental measurements and
compared to the reference model (tubular heat
exchanger).
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Séfové koncerna pozaduji vy3si tempo u digitalizace
www.focus.de 14.03.2017

S& ThyssenKrupp Heinrich Hiesinger pozaduje vice odvahy v Némecku u digitaizace. Prvni polo¢as byl podie
Hiesingera ztracen, ale sdobte kvalifikovanymi zaméstnanci by pramys mohl ve druném pologasu vyhrét, tvrdil
Hiesinger na kolokviu na Technické univerzité Mnichov. Produktivita prodéldva diky digitalizaci ptimo kvantovy
skok. Séf Svycarského technologického koncernu Oerlikon Michael Siss Zaluje: ,V Némecku dnes panuje uréita
biedermeierovska nalada’. Pritom by Primyd 4.0 mohl zastavit nebo dokonce obrdtit stéhovéani pracovnich mist do
Ciny avychodni Evropy.

Uhlik: RoztFisténe sny
Handelsblatt 23.03.2017

Uhlik platil jako nosi¢ nadgje, jak udélat auta leh¢i. Ale ocel a hlinik ho predjely. Je to pravé Sest let, kdy tehdejsi
&f BMW Norbert Reithofer ohlasil revoluci ve stavbé karoserii. ,, Uhlikova vi&kna jsou klicovym materidlem pro
automobilni primysd jedenadvacédtého stoleti,” rekl pii prileZitosti otvirédni nového provozu, ve kterém se tento
material lehkych konstrukci mél ve spolupréaci se specialisty SGL vyrabét. Cerna specidni vidkna mela zmenit
zpusob, jakym se vyvijgi a stavi automobily. Ziidkakdy se vrcholovy manazer tak mylil. Vysoce nadéjné sny se
rychle rozplynuly. Uhlik m& vyhody, to je nesporné zézratnd vlidkna jsou lehéi a tvrdSi nez ocel, doposud
nejvyznamngéjsi materid pro stavbu automobilt. Jenze mai velké nevyhody, aty bohuZel prevaZuji. Z toho divodu
Se masové hasazeni v automobilovém pramyslu nezdatilo. Je nékolikanasobné drazsi nez hlinik nebo ocel, mnohem
hat se obrabi, ¢asto jen ru¢né. A uhlik se téméi neda recyklovat. BMW ziistal jako jediny stavitel aut, ktery ¢erna
vldkna v nezanedbatelném mnozZstvi pouZivA Budoucnost modeli, vyuZivgjicich uhlikova vidkna, je jen
sotaznikem. BMW zcela zietelné podcenilo vyvoj klasickych materidli a musi se uhlikové revoluce ziici. Nebo ji
musi alespoi o celé roky odlozit.

Salzgitter zvySuje dividendu
Borsen-Zeitung 25.03.2017

Je to prévé rok, co v koncernu Salzgitter AG panoval strach o existenci. Evropu zaplavovala levna ocel z Ciny,
prodavana za dumpingoveé ceny, které lezely dokonce pod vyrobnimi néklady. Po zésahu EU a zavedeni importnich
cel se situace pronikavé zmeénila. Koncern jiz pred nékolika tydny ohlasil za rok 2016 zisk kolem 57 mil. €.
Vyhlidky jsou tak dobré, jak uz diouho nebyly. Séf predstavenstva Heinz Jérg Fuhrmann ocekéva, Ze v letoSnim
roce obrat i zisk vyrazné stoupnou, sanacni program skonéil. Firma nyni sazi na rast a inovace a investuje jen
v Salzgitteru a v llsenburgu ttimistné milionové ¢astky do novych zatizeni. Cilem je moci nabidnout vysSi kvality
oceli, napiiklad pro offshore praimysl. S hlavni oblasti svého obchodu (vyroba oceli a trub) se podnik nachazi i pies
Zvy3ené ceny jesté stéle natrzich plnych stresu. Vzhledem k dosazenym vysledkim byla dividenda na akcii zvySena
0 5 centi na 0,30 €. Koncern hodl& za uplynuly rok vyplatit celkem 18 mil. €.
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